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A fly (Lucilia sericata) prepared for intracellular 
recordings from the photoreceptors and second order neurons, 
as described in this work. The vertical white line above the 
compound eye is the tip of the glass microelectrode. 
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ABSTRACT 
Receptors (Rl-6) and one class of first order 
interneurons (large monopolar cells, or LMC's) of the 
-
dipteran visual system have been studied 1n the flies 
Muse a domestic a, 
---
Lucilia sericata, Lucilia cuprina and 
Calliphora stygia by means of intracellular recordings. 
It has been demonstrated that single photQn 
absorptions are a behaviourally effective stimulus. These 
single photon signals observed in both the receptors and the 
first order interneurons were used to investigate the lateral 
neural interactions occurring at the level of the retina and 
lamina. Using a point source, the LMC bump rate is six times 
that in a single receptor, as expected from the known 
projection of six receptor axons to each LMC. When an 
extended source 1s used, the LMC bump rate is 18-20 times 
that in receptors, suggesting spatial summation brought about 
by lateral interactions, possibly between receptors. 
The signal-to-noise ratio measured in the receptors 
using stimuli of increasing mean intensity and a contrast 
just capable of eliciting the threshold behavioural response 
increased with higher mean intensities. Th i s s ug g e st s a 
decrease in the extent of spatial and/or temporal summation 
in the optomotor pathway at higher mean intensities. 
Because of the different time courses of bumps 
produced by on- and off-axis light, a difference in the time 
course of the response to a brief, dim flash (impulse 
response function, or !RF) when the stimulus is placed on-
-11-
and off-axis was predicted and experimentally verified. 
light, 
When the linearity of the IRF was tested for on-axis 
it was found that although the amplitude increases 
linearly with intensity up to a mean absorption of 10 photons 
per cell from one flash, the response as a whole is not 
linear in that its time course varies with intensity over 
this range. A significant reduction in the time-to-peak is 
observed in responses produced by the absorption of only four 
photons, and possibly even less. 
change 
flash. 
Experiments with dim adapting lights show a drastic 
in time course of the response to a superimposed 
Together, these findings led to the suggestion of a 
common mechanism responsible for the non-linearity in the 
dark-adapted cell and the light adaptation effects. 
A more detailed study of the receptive . fields of 
receptors and first order interneurons was possible using 
sine wave gratings of different spatial and temporal 
frequencies. Of particular interest are the changes in the 
receptive field of the LMC when different temporal 
frequencies and mean luminances were used. At high 
intensities and low temporal frequencies the effects of an 
antagonistic surround may be observed, but the relative 
strength decreases drastically at lower mean luminances and 
higher temporal frequencies. Some specific variations 
between species are also discussed. 
The effect of the inhibitory surround was also 
investigated by using stimuli of variable size. The LMC's 
responded with a smaller, more distorted voltage change when 
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the stimulus size exceeded that of the central excitatory 
field. The properties of the lateral inhibition are very 
similar to those of retinal ganglion cells in the vertebrate 
retina, suggesting that the changes in receptive field with 
light intensity are the result of an optimal strategy for 
encoding information within the limited dynamic range of a 
neuron, and in the presence of noise. 
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ABBREVIAT I ONS 
ERG Electroretinogram 
IRF Impulse response function 
LED Light emitting diode 
LMC Large monopolar cell 
MTF Modulation transfer function 
QCE Quantum capture efficiency 
Rl-6 
R7/8 
The six large peripheral receptor cells 
in a fly's ommatidium 
The two central retinula cells: R7 distal, 
R8 proximal 
~P Width at half height of the angular 
sensitivity function 
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CHAPTER 1 
G E N E R A L I N T R O D U C T I O N 
-15-
In the choice of a research area, personal 
experience almost always proves to be a decisive factor. The 
research presented in this thesis is no exception to this 
rule. We are continually confronted with the incredible 
performance of our own bodies (respiration, digestion, 
nervous system, etc) which never ceases to amaze us. 
The capacity of the visual system, to function at 
extremely low light intensities where only a few photons are 
absorbed is, in my view, a most striking ability. If one 
considers how difficult it is for engineers to build a 
similarly sensitive apparatus (the photomultiplier), and then 
compares the relative sizes of the biological receptor and 
the photomultiplier, it is easy to comprehend my attraction 
towards studying the phenomenon of . . vision at low light 
intensities. 
Why, however, study the visual system of the fly 
rather than that of man or at least a higher vertebrate? 
From the similarity of the intensity/response functions, 
response waveforms and light adaptation mechanisms (Laughlin, 
1976; Laughlin and Hardie, 1978) and the fact that the same 
visual pigment, rhodopsin, is found in both invertebrate and 
vertebrate photoreceptors (Hamdorf, 1979), it is clear that 
the principal mechanisms 1n the photoreceptors and second 
order neurons in the insect compound eye are comparable with 
those in the rods and cones and the second order neurons, the 
bipolar cells, in the vertebrate retina. 
In addition, the insect preparation, particularly 
the fly, has some important advantages over the vertebrate 
preparation, especially if one wishes to correlate 
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electrophysiological studies with the underlying anatomy and 
the resulting behaviour. All aspects of vision, including 
optics, anatomy, electrophysiology of identified neurons at 
several levels, and behaviour have been the subject of 
intensive investigations (reviews: Stavenga, 1975; 
Strausfeld, 1976b; Kirschfeld, 1979; Reichardt, 1970). A 
maJor advantage is also the very simple preparation of the 
fly for electrophysiological and behavioural studies -which 
leaves the animal virtually intact. Thus the deterioration 
of the preparation and possible artefacts due to the 
operative technique are reduced to a minimum. 
the simple arrangement of the photoreceptors 
In addition, 
and visual 
interneurons in well separated layers, and the known 
retinotopic projections from the retina to the first optic 
ganglion, the lamina, (Braitenberg, 1967) provide an ideal 
basis for a study of the spatial integration (lateral 
excitation and summation) at these levels. 
Let us now discuss some aspects of the fly visual 
system which are most relevant to the material presented in 
this thesis. The first filtering of the visual information 
occurs at the level of the optics of the eye. Compound eyes 
in general have a lower spatial resolution than lens eyes. 
This 1s due to their size rather than their construction 
(Kirschfeld, 1976). The number of sampling points in space 
in the fly's eye is approximately 3,000 (Braitenberg, 1967). 
It is difficult to estimate an analogous figure for the human 
eye, because even though the number of rods and cones are 
known (approximately 100 million rods and 6.5 million cones; 
Pirenne, 1967), summation drastically reduces the number of 
points resolved at the level of bipolar and retinal ganglion 
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cells. There are about one million optic nerve fibres 
leaving each eye, thus a few hundred thousand might be a 
reasonable estimate for the number of different visual axes 
in the human eye. It had been shown by Kirschfeld (1979) 
that the coarse sampling in the fly's compound eye is still 
sufficient for quite detailed form vision. More importantly, 
it is known from behavioural experiments investigating the 
optomotor response (e.g. Reichardt, 1970) that, apart from 
the lower spatial resolution, the fly's ability to extract 
information is comparable to or even better than that of man. 
At high intensities, the lowest contrast resolvable by a 
human at the optimum spatial frequency is about 0.5% (Daitch 
and Green, 1969). The lowest contrast grating eliciting an 
optomotor response in the fly is also below 1% (Fermi and 
Reichardt, 1963). The flicker fusion frequency is below 
50 Hz in man but is above 100 Hz in the 
Leutscher~Hazelhoff, 1975). 
fly (e.g. 
The anatomy of the photoreceptor layer and the first 
optic neuropil, the lamina ganglionaris, has been 
investigated in great detail. One of the most important 
anatomical features is the building-block like structure, 
particularly of the retina and lamina layer. The ommatidium 
is the building block of the receptor layer, the optic 
cartridge that of the lamina. These elements are repeated in 
a regular fashion right across the eye (Strausfeld, 1976a). 
Thus often electrophysiological results from a few cells of 
one type are sufficient to generalise about that particular 
cell type in the entire eye. However, some regional 
differences and sex-specific variations have been described 
at the level of the photoreceptors and in the third optic 
d 
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neuropil, the lobula. Th e central photorec e ptors R7 d o not 
form a homogeneous class. Two different types of s pec tral 
sensitivity were observed by Hardie (Hardie, Franceschini and 
McIntyre, 1979) and an additional type of R7 with identical 
properties to Rl-6 has been found to dominate in the frontal 
region of the male fly, but is absent in the female 
(Franceschini et al., 1981). The existence of sex-specific 
interneurons in the lobula as well as differences in shape of 
analogous lobula neurons in male and female flies has been 
demonstrated anatomically (Strausfeld, 1980). 
Beneath each facet of the compound eye lies a 
cluster of eight photoreceptor cells, which together 
constitute an ommatidium. Unlike apposition compound eyes, 
the light absorbing structures, or rhabdomeres, of these 
cells are not fused. Six of the cells (Rl-6) form a ring and 
their axons terminate in the first optic neuropil · (or lamina 
ganglionaris). The remaining two cells R7 and R8 are found 
in the centre of the ommatidium with R7 lying directly above 
R8 . Their longer axons terminate, with the exception of some 
R7 cells in the male frontal region (see above), in the 
second optic neuropil, the medulla. 
An optic cartridge, the organisational subunit in 
the first optic neuropil, consists of eight receptor axons 
and eleven classes of inter neurons (Strausfeld and 
Campos-Ortega, 1977). The eight receptor cell axons in each 
cartridge originate from different, but neighbouring, 
ommatidia and they all view a common point in space 
(Trujillo-Cen6z and 
Kirschfeld, 1967). 
Melamed, 1966; 
This projection 
Braitenberg, 1967; 
pattern increases the 
I 
I 
I 
I 
I 
I 
I 
....al 
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sensitivity by effectively increasing the optical a p ertur e by 
a factor of six without reducing the spatial acuity 
(Kirschfeld, 1972). Because of this arrangement, Kirschfeld 
(1967) called the dipteran eye a 'neural superposition eye'. 
Five of the eleven interneurons found in each 
cartridge are monopolar cells with their cells bodies located 
in the lamina: two (Ll, L2) with larger axons are called 
large monopolar cells (LMC's). Most of the 
electrophysiological recordings are believed to originate 
from these cells (Jarvilehto and Zettler, 1971). The other 
three monopolar cells (L3-5) have smaller axons (L3: 1 µm: 
L4: 0.6 µm compared with 2 µm for Ll and L2: Boschek, 1971). 
The six receptor axons make many chemical synapses with Ll 
and L2 (Boschek, 1971), far more than with L3 and L4 
(Strausfeld and Campos-Ortega, 1973a,b). LS does not have 
any synaptic contact with the receptor axons (Strausfeld and 
Campos-Ortega, 1977). 
Four types of centrifugal cells (two with narrow 
fields: ce and CE, and two with extended fields: TANl and 
TAN2) extend their processes into the cartridge (Strausfeld 
and Campos-Ortega, 1977). The remaining two classes of 
interneurons interacting with each cartridge are amacrine 
cells and fibres of a centripetal axon, the Tl cell 
(Strausfeld and Campos-Ortega, 1977). Recently, Chi and 
Carlson (1980a,b) found, in a study of the lamina 
ganglionaris using thin section and freeze-fracture replicas, 
that the majority of neurons of the lamina contact each other 
through septate, gap and tight junctions, in addition to 
previously described chemical synapses (Trujillo-Cen6z and 
C 
Melamed, 
Strausfeld 
1966; 
and 
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Boschek, 
Campos-Ortega, 
1971; 
1977). 
Strausfeld, 
Furthermore, 
1976b; 
three 
types of glial cells are found in the first optic neuropil of 
Musca domestica. Several types of junctions such as 
desmosomes, septate and gap junctions between glial cells 
have been described (Boschek, 1971; Chi and Carlson, 1980b). 
Chi and Carlson propose that these membrane specializations 
might have an important function in the blood-eye barrier 
system discovered by Shaw (1975, 1977, 1978). 
After this brief account of the anatomy of the 
retina and lamina, some of the characteristics of the 
different neural cell types as determined by intracellular 
recordings will now be summarized. The receptor cells Rl-6 
are the most extensively studied class of cells. Many 
aspects have been examined, including spectral sensitivity, 
angular sensitivity (e.g. Hardie, 1979; Mimura, 1981), 
angular sensitivity as a function of wavelength (Horridge, 
Mimura and Hardie, 1976), sensitivity to polarized light 
(Gemperlein and Smola, 1973), temporal frequency response 
(e.g. Zettler, 1969; Smola and Gemperlein, 1972; 
Leutscher-Hazelhoff, 1975; French and Jarvilehto, 1978) and 
effects of light adaptation on response/intensity functions 
and temporal frequency response (Laughlin and Hardie, 1978; 
French, 1979). The receptor cells have a resting potential 
of approximately 60 mV and respond to light with a graded 
depolarization of up to 60 mV (saturating light flash). All 
six receptors Rl-6 have identical properties, only the 
preferred direction for the absorption of linear polarized 
light is different. The polarization sensitivity of single 
receptors originates from the precise geometrical 
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configuration of the light absorbing membrane ( the 
microvilli) and the light absorbing molecules (rhodopsin) 
within this membrane to form the rhabdomere. The preferred 
direction of the E-vector is the same in diagonally opposite 
receptor cells and the preferred directions of neighbouring 
-
cells differ by 60° (Kirschfeld, 1969; Gemperlein and Smola, 
1973). Jarvilehto and Moring (1974) found in their 
investigation of Rl-6 that some receptor cells did not 
exhibit any polarization sensitivity. 
Because of their smaller size, recordings from R7 
and R8 are more difficult to make. Consequently, less data 
is available for these classes. Probably the best 
characterisation so far has been obtained by Hardie in Musca 
and Calliphora (Hardie, 1977 and 1979; Hardie, Franceschini 
and McIntyre, 1979; Smola and Meffert, 1975). R7 and R8 
have a higher absolute sensitivity than Rl-6 . receptors 
(Hardie, 1979), when the sensitivity is defined as the number 
of axial photons of peak wavelength required to elicit a 
response of 50% of the saturated response (Laughlin, 1976). 
The spectral sensitivity of R8 peaks at 547 nm and has a 
second, smaller peak at 358 nm (Hardie, 1977); R7 can be 
divided, on the basis of spectral sensitivity, into two 
classes. Both classes have the peak ~sensitivity at short 
wavelength, below 400 nm (Hardie, 1979). It was proposed 
that either Rl-6 or R7/8 can drive the optomotor response 
under appropriate conditions (Eckert, 1971; Mccann and 
Arnett, 1972). Electrophysiological (Hardie, 1979) and 
behavioural evidence (Heisenberg and Buchner, 1977) suggest 
that R7/8 do not contribute significantly to the optomotor 
response under normal circumstances. However, in experiments 
111111 
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using single cell stimulation it was shown that excitation of 
R7/8 inhibits the optomotor response (Kirschfeld and Lutz, 
1974). 
The functional properties of the more prominent 
cartridge neurons (Ll and L2) have been studied using dye 
injections for the subsequent histological identification of 
the recording site (for example: Zettler and Jarvilehto, 
1970 and 1971; Jarvilehto and Zettler, 1971). The graded 
response of monopolar cells to a prolonged flash of light 
becomes biphasic at intensities where the receptors are 
responding monophasically. This demonstrates that there is 
powerful and intensity-dependent inhibition acting in the 
lamina (Laughlin, 1974b). Two components can be readily 
identified, but might be due to the same mechanism: the 
temporal or self-inhibition is dominant when a point source 
centred in the visual field of the LMC stimulates the eye and 
the spatial or lateral inhibition reduces the response to 
light when the surround is also stimulated. Inhibition had 
been studied extensively in the compound eye of Limulus by 
Hartline, Wagner and Ratliff (1956; Hartline, 1974) and has 
long been known to exist in the vertebrate retina (in retinal 
ganglion cells: Granit, 1952; Barlow, 1953; Kuffler, 1953; 
and in bipolar cells: Schwartz, 1974). -Although the lateral 
inhibition in the large monopolar cells of insects has been 
demonstrated (Zettler and Jarvilehto, 1971; Laughlin, 1974b; 
Mimura, 1976), it has not been investigated quantitatively. 
The large monopolar cells and the bipolar cells 
occupy analogous anatomical positions in the invertebrate and 
vertebrate visual pathway respectively (Cajal and Sanchez, 
C 
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1915). 
only one 
It is interesting to note that lateral inhibition is 
of several physiological similarities of these 
equivalent 
including 
classes of interneurons (Laughlin, 1976), 
graded response waveforms, intensity/response 
functions, 
1978), and 
light adaptation mechanisms (Laughlin and Hardie, 
high amplification (Ashmore and Falk, 1980a; 
Laughlin, 1973). 
Little is known about the physiological properties 
of the remaining lamina interneurons. Arnett (1972) reported 
spiking responses recorded 
intermediate chiasma. Two 
distinguished: an 'on-off' or 
little activity when the 
extracellularly 
different classes 
'transient' unit 
in 
could 
with 
the 
be 
stimulus is constant 
very 
and a 
'sustained' unit which receives inhibitory inputs from 
neighbouring regions in the horizontal direction. From the 
known anatomy, Laughlin (1980) and Shaw (1981) concluded that 
these spiking fibres must be LS and L4 respectively. Because 
L3 is so similar in appearance and synaptic connections to Ll 
and L2, one would expect it to be another hyperpolarizing 
cell (Laughlin, 1980). 
Second, third, and possibly fourth order 
interneurons of the fly optic lobe have also been the subject 
of several investigations. Two studies of intracellular 
responses in the second optic neuropil, the medulla, of the 
fly Calliphora have been published (Devoe and Ockleford, 
1976; Devoe, 1980). It is very difficult to record from 
these cells for any length of time and thus the response to 
only a very limited set of stimuli can be tested. Any 
conclusion from the limited data can be at most speculative. 
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However, in the lobula, several higher order interneurons 
with wide fields and responding specifically to movement of a 
given direction have been identified anatomically as well as 
physiologically (e.g. Hausen, 1976; Srinivasan and Dvorak, 
1980). 
The visually guided behaviour of the fly is also of 
direct interest to this study. The most extensively studied 
behaviour is without doubt the simple optomotor turning 
response: a tethered, flying fly viewing a horizontally 
moving grating endeavours to keep the grating stationary on 
its retina by turning around its vertical axis. Ultimately, 
the behaviour is the relevant output of the nervous system. 
A correlation of electrophysiological properties with 
behavioural response characteristics is of fundamental 
importance. Eckert demonstrates the strength of such an 
approach in a recent paper (Eckert, 1980) where he studies 
the behavioural optomotor response and the response of an 
anatomically identified horizontal movement detecting neuron. 
The similarities between the two responses under various 
conditions strongly suggest that the optomotor reflex 
receives a major input from this anatomically well-described 
neuron (Hausen, 1976), thus closing the gap between the 
anatomical and physiological data and tbe behaviour. Further 
evidence supporting the claim that this horizontal movement 
detecting neuron is involved in the optomotor flight 
stabilization was gained through behavioural experiments with 
Drosophila mutants (Heisenberg, Wonneberger and Wolf, 1978). 
Mutants, selected for their lack of optomotor response, were 
found to have the visual giant neurons of the lobula plate 
missing or significantly reduced. 
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The optomotor reflex has been studied extensively by 
Reichardt and his coworkers. They showed that contrast 
detection thresholds are inversely proportional to mean 
luminance, as expected of a photon noise limited process; 
they also proved that threshold depends upon total flux 
rather than the temporal distribution of flux (i.e. no 
requirement for photon coincidence at an early stage of 
processing). From careful calibrations of the light 
intensity at absolute threshold, Reichardt and his colleagues 
(Fermi and Reichardt, 1963; Reichardt, Braitenberg and 
Weidel, 1968; Scholes and Reichardt, 1969; Reichardt, 1970) 
concluded that between one and three photons per second per 
receptor are capable of eliciting a behavioural response. 
The calculations of the quantal flux were quite involved 
because two different stimuli of varying spectral composition 
had been used in the behavioural and electrophysiological 
study. In addition, no bumps (single photon absorptions, 
first described by Scholes in locust, 1964) were observed 
when recording intracellularly from photoreceptors at the 
threshold intensity. The quantum catch of photoreceptors 
could therefore not be assessed directly. 
Because of the intrinsic interest 
correlating intracellular responses 
thresholds, we decided to repeat one 
with 
of 
of studies 
behavioural 
Reichardt's 
experiments and determine the quantum catch of single 
photoreceptors at the absolute lower intensity threshold of 
the optomotor response. Recent technical advances allowed 
the experiment to be performed under better conditions. The 
same stimulus (Dvorak, Srinivasan and French, 1980) could be 
used for recordings and behavioural studies while better 
d 
I 
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electrodes and operative techniques (Wilson, 1975; Hardie, 
1979) allowed single photon signals to be recorded in 
essentially intact fly photoreceptors. As discussed above, 
such correlations of physiology with behaviour give 
considerable insight into the role of peripheral neural 
processing in determining behavioural thresholds. These 
experiments, described in Chapter 2, prove that each fast 
depolarization in receptors caused by the absorption of a 
single photon · produces an amplified fast hyperpolarizing 
event in the second order neurons and represents a 
behaviourally effective stimulus. An analysis of bumps 
revealed lateral coupling between receptors with different 
optical axes, which effectively extends their receptive 
fields. The coupling manifested itself in two distinct 
populations of bumps: fast, high amplitude depolarizations 
for on-axis light, and slower, lower amplitude events for 
off-axis light. 
An independent test of this finding was obtained 
using short flashes of light from a point source, positioned 
on- and off-axis (Chapter 4). The on-axis response is faster 
than the off-axis response, suggesting that the former 
comprises mainly on-axis bumps, and the latter mainly 
off-axis bumps. In the course of these experiments, it was 
also found that most of the light-adaptation in a 
photoreceptor already occurs at very low background 
intensities. These features are treated in Chapter 3, 
together with a tentative interpretation of the data in terms 
of transduction and light adaptation mechanisms. 
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The receptive fields of receptors and LMC's were 
previously studied by placing a point source at different 
locations within the visual field and measuring the resoonse 
.... 
to a flash of light in each position. This method is not 
convenient for measuring the receptive fields of second order 
neurons because of the inhibition which is known to exist in 
the first optic ganglion and which has the effect that the 
response of LMC's to light is not spatially univariant 
(Zettler and Jarvilehto, 1972; Laughlin, 1974b; Mimura, 
1976). Retinal ganglion cells, too, have an excitatory 
centre and an inhibitory surround, as was first reported by 
Kuff ler ( 1953). Two convenient methods of analysing the 
receptive field of ganglion cells have been used in the 
vertebrate preparation. The contrast sensitivity for sine 
wave gratings of different spatial frequencies provides a 
complete description of the receptive field (Enroth-Cugell 
and Robson, 1966, in cat). Equivalent data can be obtained 
using bars of different width which are modulated in time 
(area threshold experiment; Barlow, Fitzhugh and ~uffler, 
1957b, in cat). Both approaches were used to determine the 
receptive field of second order cells in the fly. All 
experiments recording from one class of second order neurons 
(the large monopolar cells) were complemented by recordings 
from the photoreceptors under identical experimental 
conditions. The results are presented in Chapter 4. 
It has been shown that bipolar cells and retinal 
ganglion cells do have an inhibitory surround (Werblin and 
Dow 1 in g , 19 7 2 ; Barlow, Fitzhugh and Kuffler, 1957b). 
Furthermore, at least in retinal ganglion cells, the relative 
strength as well as the size of this antagonistic receptive 
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field decreases when the mean luminance is lowered (Barlow, 
Fitzhugh and Kuffler, 1957b; Enroth-Cugell and Robson, 
1966). Lateral inhibition is not the only spatial 
interaction observed in the early processing of spatial 
information. Interactions between rods and cones and 
neighbouring rods were described by Schwartz (1975a,b) in the 
turtle and between rods in the tiger salamander (Werblin, 
1978). An initial facilitation of the response of rods is 
followed by an opposite influence acting with a longer time 
delay and reducing the response. 
As pointed out above, the characteristics of bipolar 
cells are not unlike those of large monopolar cells, as 
described for example by Zettler and Jarvilehto (1972). 
Similar interactions have been demonstrated in the lateral 
eye of the horseshoe crab, where receptor cells are 
electrically coupled to each other and to the eccentric cells 
(Smith and Baumann, 1969). Inhibition is also observed at 
the level of the eccentric cells (Hartline and Ratliff, 
1957). A thorough study of the receptive fields of receptors 
and LMC's and thus of the spatial integration taking place at 
this early stage would allow a further investigation of this 
similarity. For example, it is of interest to know whether 
the inhibitory fields of lamina neurons in the invertebrate 
eye also change their size and relative strength when the 
background intensity changes. 
In Chapter 4, an attempt is made to measure the 
receptive fields of the receptors and the LMC's of the fly 
using gratings, i.e. by measuring the spatial modulation 
transfer function. The area-threshold experiment was used to 
r 
-29-
confirm the findings. A third type of experiment, measuring 
the response to on- and off-axis light, was also used to 
confirm the existence of lateral coupling between receptors. 
This coupling first revealed itself in the low intensity 
study described in Chapter 2. A different population of 
bumps (lower amplitude and slower time course) was produced 
when a point source was not on-axis, thus mainly stimulating 
neighbouring cells with different optical axes. Analogous 
experiments in the LMC were used to demonstrate the 
dependence of lateral inhibition on the stimulus intensity. 
W~ak stimuli off-axis do not produce any significant 
inhibition, while the response to strong stimuli off-axis is 
mainly inhibitory. 
In summary, summation dominates at low mean 
intensity and inhibition at the level of the first 
interneuron dominates at higher intensity. This _phenomenon 
is also found in the vertebrate retina, where inhibition of 
retinal ganglion cells is clearly reduced at low light 
intensities (Barlow, Fitihugh and Kuffler, 1957b; 
Enroth-Cugell and Robson, 1966). If one assumes that a low 
spatial frequency roll-off in the contrast sensitivity 
function is due to lateral inhibition, a reduction in lateral 
inhibition with lower intensities is also found when the 
threshold contrast of sine wave gratings just visible to a 
human observed is determined (Daitch and Green, 1969). 
Because a change in the inhibitory field with light intensity 
is found in vertebrates and invertebrates, it is likely that 
this phenomenon evolved because of the unique advantages 
inherent in such a processing. This fundamental aspect is 
discussed in detail in Section 4.5. 
11111---------------------......1111 
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CHAPTER 2 
S I N G L E P H O T O N S I G N A L S 
I N F L Y P H O T O R E C E P T O R S 
A N D F I R S T O R D E R I N T E R N E U R O N S 
A T B E H A V I O U R A L T H R E S H O L D 
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2.1 SUMMARY 
1. The contrast sensitivity of the optomotor response of the 
fly Musca domestica was measured using a moving sinusoidal 
grating as the stimulus. In parallel experiments, 
intracellular recordings were made from photoreceptors and 
first order visual interneurons to determine their 
responses to the same threshold stimuli. Measurements of 
the spatial modulation transfer function for 
photoreceptors confirm that the optics of the eye were 
intact during recordings. 
2. At the lowest intensity at which one can obtain an 
optomotor response, the photoreceptor signal is a train of 
discrete depolarizations, or bumps. With constant 
intensity stimuli, the temporal distribution of bumps 
follows the Poisson distribution with a mean rate 
proportional to luminance. 
threshold intensity for a 
The mean bump rate at the 
behavioural response lS 
-1 1.7 ± 0.7 s (mean± S.D., n = 25). 
3. Calibrations and the statistical properties of the bump 
train indicate that a bump represents one effective 
photon, implying that the bump:photon ratios are quantum 
capture efficiencies. 
4. At low intensities the first order interneurons (large 
monopolar cells or LMC's) show hyperpolarizing bumps each 
triggered by a receptor bump. Using a point source 
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stimulus, centred in the field of view, the LMC bump rate 
is six times that in a single receptor viewing the same 
stimulus, as expected from the known projection of six 
receptor axons to each LMC. When using an extended source 
(the grating), the bump rate is 18-20 times that in 
receptors. Comparison with earlier work suggests that 
this increased lateral summation of receptor inputs to 
LMC's only occurs at very low intensities. 
5. In both receptors and LMC's, the amplitudes and waveforms 
of bumps depend upon the position of a point source 
stimulus within the field of view. With the light in the 
periphery of the field the bumps are smaller and slower 
than when the light is in the centre. This difference in 
response suggests that spatial summation is brought about 
by lateral interactions, possibly between receptors. 
6. At higher mean intensities the signal-to-noise ratios in 
receptors responding to the appropriate threshold stimuli 
increase with intensity. This is suggestive of a decrease 
in the extent of spatial and/or temporal summation in the 
optomotor pathway. 
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2.2 INTRODUCTION 
To understand the function of the receptors and 
interneurons of a visual system, their responses must be 
placed within the context of the visual system's ability to 
make sensory discriminations, as judged from behavioural 
evidence. For example, we would have little appreciation of 
a receptor's spectral sensitivity if we were unaware that the 
animal in question possessed colour vision. 
Our primary interest is in the ways that photon 
absorption, transduction and synaptic transfer in the 
peripheral visual system can limit visual acuity, and in the 
processing strategies that might be used to minimise any 
deleterious effects associated with these stages. The fly's 
visual system is particularly suitable for correlating 
receptor or interneuronal responses with behavioural 
thresholds 
neuroanatomy 
(Reichardt, 1970). Both the optics and 
well described of the 
(Kirschfeld, 1973; 
visual system are 
Strausfeld, 1976a,b), intracellular 
recordings have been made 
photoreceptors and first, 
interneurons (Hardie, 1979; 
Devoe and Ockleford, 1976; 
Hausen, 1976), while the 
from anatomically identified 
second and third order visual 
Zettler and Jarvilehto, 1973; 
Dvorak, Bishop and Eckert, 1975; 
fly's visual behaviour, and 
particularly 
have been 
the optomotor, tracking and fixation responses, 
analysed quantitatively (Reichardt, 1970; 
Land, 1977). Furthermore, simple operative techniques allow 
the recording from an essentially intact retina, located in 
an animal performing its normal respiratory and circulatory 
d 
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functions, and viewing the world through an intact optical 
apparatus. Thus we can observe how the fly's receptors 
respond when the fly sees something. 
In this study we record signals generated by the 
photoreceptor and one class of first order interneurons, when 
the eye is exposed to a stimulus whose _intensity is just 
sufficient to elicit a behavioural response. Previous 
behavioural experiments suggested that at or close to 
absolute threshold the individual photoreceptors receive 
approximately ten photons per second (Fermi and 
Reichardt, 1963), and it has recently been shown that third 
order interneurons can respond to a single photon absorption 
(Lillywhite and Dvorak, 1980). However, recordings from 
photoreceptors exposed to the original optomotor stimuli 
failed to detect responses to single photons (Scholes and 
Reichardt, 1969). We have repeated Scholes and Reichardt's 
experiment using improved intracellular recording techniques 
which now permit one to observe single photon signals 
(quantum bumps) in fly photoreceptors (Hardie, 1979). Our 
findings confirm that the fly 1s able to abstract the 
movement of its surroundings from a randomised pattern of 
discrete photon signals dispersed among many photoreceptors. 
We also describe processes of signal amplification and 
summation that could assist in this task. 
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2.3 METHODS 
Animals: All experiments were performed on female 
Musca domestica taken from a laboratory culture. 
Stimulus: The visual stimulus was a 
vertically-oriented horizontally moving sinusoidal grating 
displayed on a CRT (Tektronix; P31 Phosphor) by an on-line 
laboratory computer (PDPll/03; Dvorak, Srinivasan and 
French, 1980). The spatial frequency used was 0.05 cycles 
per degree at the centre of the screen and the temporal 
frequency 1.2 cycles per second. Contrast is defined as 
(Imax - Imin)/(Imax + Imin) where Imax and Imin are the 
maximum and 
respectively. 
the minimum intensity of the grating 
The contrast of the grating was calibrated 
with a photodiode whose output voltage was known to be linear 
with light. Care was taken to limit the area from which 
light could reach the photodiode to a small disk on the 
screen less than 0.5 cm in diameter. All contrasts were 
accurate to within 3%. The mean intensity was controlled by 
nine neutral density filters (Kodak Wratten gelatine filters) 
interposed between the screen and the eye, allowing coverage 
of an intensity range of approximately 7.7 log units in 0.1 
log unit steps. The fly was placed 10 cm in front of the CRT 
screen, the behavioural as well as the 
electrophysiological experiments. The resulting stimulus 
field was circular and covered a solid angle of 0.66 
steradians of the visual field of the animal. 
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Behaviour: In the behavioural experiments, the 
stimulus paradigm consisted of motion at a constant speed 
towards the right for the first 80 seconds and then towards 
the left for another 80 seconds, with an abrupt reversal in 
between. The turning response evoked by the moving grating 
was measured in terms of the yaw torque (torque about the 
vertical axis) exerted by the tethered, flying animal (Fermi 
and Reichardt, 1963). The torque was measured as in 
Srinivasan and Bernard (1977). Yaw torques towards the right 
were reckoned as positive and those towards the left were 
reckoned as negative, and the turning response was measured 
as half the difference between the mean torques exerted 
during the last 60 seconds of right-motion and left-motion. 
(The first 20 seconds of each phase were ignored to allow for 
transient changes in torque). The threshold stimulus for the 
turning response was arbitrarily defined as that for which 
the magnitude of the turning response is equal to the 
standard deviation of spontaneous fluctuations in torque. 
Electrophysiolo~y: The intracellular recordings 
were carried out using standard techniques (Hardie, 1979). 
For determining the mean bump rate in retinula and large 
monopolar cells (LMC's) a uniform screen of the same mean 
luminance as the grating was used as the visual input. The 
response was recorded on a chart recorder or occasionally on 
film. The records were analysed by eye because the 
variability of the amplitude of the bumps and the 
considerable amount of baseline noise militated against an 
on-line computer analysis. 
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The signal-to-noise ratio (S/N) in the receptor was 
defined with respect to the sinusoidal modulation of voltage 
set up by the stimulus and the accompanying noise. Signal 
amplitude was taken to be the standard deviation of the 
. 
sinusoidal voltage response, determined by averaging the 
response to 100 cycles of the stimulus presentation. The 
amplitude of noise was defined as the standard deviation of 
voltage fluctuations recorded from the receptor in response 
to a steady illumination of the same mean intensity as the 
sinusoidal stimulus. This was derived from 1000 points 
measured at 1 ms intervals. 
Calibration of the stimulus screen: To derive the 
intensity of the stimulus in terms of number of photons 
available to each photoreceptor, we need to know the spectral 
distribution of the light emitted by the screen, the flux 
{power per cm2 ) per steradian at the surface of the eye, the 
spectral and angular sensitivities of the cell, and the 
diameter of individual facets in the relevant region. 
We measured the intensity and spectral composition 
of our source using a IL700 spectroradiometer (International 
Light, Massachusetts, U.S.A.) calibrated at the factory to 5% 
tolerance. The intensity of light emitted by the screen was 
measured with this instrument using a silicon detector 
(SEE lOOF) placed where the fly's eye would normally be, i.e. 
10 cm in front of the screen, and the spectral distribution 
was obtained . using a photomultiplier {IL PM 270D) together 
with a monochromator (IL 780). The intensity of light from 
the unfiltered screen was measured to be (4.6 ± 0.5) x 10 12 
photons.s-1 .sr-l per cm 2 of detector surface (average+ S.D. 
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of thirty measurements over a period of ten days). The 
diameter of facets in the frontal eye regio n s of animals from 
which intracellular recordings (using t h e screen as light 
stimulus) were made was determined from flattened corneas to 
be 20 ± 2 µm. Consequently the quantal flux available to one 
ommatidium exposed to the unfiltered screen at a distance of 
7 -1 -1 10 cm is (1.43 ± 0.27) x 10 photons.s .sr . 
To compute the number of photons available to each 
cell, the photoreceptor's two dimensional angular sensitivity 
function has to be integrated. The angular sensitivity 
function was inferred from the spatial MTF to be a circular 
Gaussian of half width 6p = 2.3 ± 0.2°, and the integral was 
calculated as: 
("' ("' exp [- :lpn} (x2 + y 2 ) J dx dy 
-oo -oo 
2 6p 1T 
4ln2 (1.8 ± 0.33) x 10-
3 
steradians. 
Thus, (2.6 ± 1.0) x 104 photons~s-l reach each Rl-6 exposed 
to the mean luminance of the screen. The number of photons 
absorbed in each cell depends on the quantum efficiency. 
We must also take account of the fact that the 
photoreceptors do not absorb photons of different wavelength 
equally readily. Fly photoreceptors of the type Rl-6 have a 
double-peaked spectral sensitivity function, with maxima in 
the UV and in the blue-green. Because our stimulus emitted 
negligible quantities of light at wavelengths lower than 
400 nm, only the long wavelength peak at 490 nm is of 
interest. In this region of the spectrum, the spe c tral 
111 
I 
/, 
sensitivity curve 
electrophysiologically, 
of 
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the 
closely 
cell, 
follows 
as determin ed 
the absorption 
spectrum of the rhodopsin found 1n these photoreceptors 
( Hamdor f, 19 7 9) . By convolving the spectral sensitivity for 
Musca Rl-6 receptor cells, measured by Hardie (1979), with 
the measured spectral output of the screen, we found that the 
ratio between an equivalent flux of photons of peak 
wavelength and the photons emitted by the screen was 0.62. 
Consequently, the unattenuated flux of the screen corresponds 
to (1.6 ± 0.6) x 10 4 photons of peak wavelength per second 
available to each Rl-6 photoreceptor at the cornea. 
Calibration of point source: The monochromatic 
light used in the point source experiment was focussed on one 
end of a light guide, the other end being fixed on a Cardan 
arm centred onto the animal. The light source subtended 44' 
of the visual field of the fly. The wavelength used was 491 
nm {optimum for Rl-6) with a bandwidth of 9 nm. Using 
cut-off filters it was established that the energy 
transmitted by the side bands of the interference filter was 
less than 5% of the total energy. The light intensity was 
measured at 10 cm from the tip of the light guide with the IL 
700 radiometer and three different detectors 
detector: SEE lOOF; vacuum photo9iode: 
(Silicon 
SEE 400D; 
photomultiplier: PM 270D; all International Light). All 
measurements were consistent to within 10%. The average 
-6 12 -1 2 intensity was 1.2 x 10 W or 2.96 x 10 photons.s per cm 
of detector surface. 
111111 
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The flies used in the experiments involving a po i nt 
source came from a different batch than the animals used in 
the experiments with the screen as stimulus, and were bigger 
and consequently had bigger facets. The facet diameter in 
the frontal region varied from 22 to 26 µm. For a po int 
source of monochromatic light of peak wavelength, the 
spectral and angular sensitivity function -of the cells does 
not affect the number of photons available to the cell. Thus 
the average photon flux available to a cell when the point 
source 1s aligned with its optical is found to be . axis 
(1.54 ± 0.23) x 10 7 photons.s-1 (without neutral density 
another filters). All calibrations were checked . using 
radiometer of the same model as well as a Hewlett-Packard 
radiant flux meter (type 8330A). 
consistent to within 10%. 
All measurements were 
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2.4 RESULTS 
2. 4. 1 Behavioural threshold 
Figure 2-1 depicts the behaviourally determined 
contrast sensitivity plotted against mean luminance over a 4 
log unit range. Contrast sensitivity is defined as the 
reciprocal of the contrast necessary to elicit the threshold 
turning response defined above. For a 100% modulated grating 
the average luminance for a threshold behavioural response 
was found to be 3.64 log units below the unattenuated mean 
luminance of the screen. Contrast sensitivity increases with 
luminance and, presumably, the overall factor which limits 
detectability is the signal-to-noise ratio of the information 
received by the final stage of the movement detecting 
pathway. The interesting question of which part of the 
pathway is predominantly influencing this signal-to-noise 
ratio can only be answered by measuring this ratio at 
different levels of the detecting system. To start this 
investigation we made some preliminary measurements of the 
signal-to-noise ratio in retinula cells. The S/N in the 
retinula cells, as defined in section 2.3, increases with 
intensity over the whole range of 
implication of these observations 
(see Fig. 2-9 and section 2.5). 
intensities used. The 
will be discussed later 
Figure 2-1 
Contrast sensitivity as a function of mean stimulus intensity 
Behavioural results, obtained in the fly Musca domestica. 
from the threshold of the optomotor turning response to a 
moving grating of low spatial wavelength, are compared with 
both the threshold of the Hl neuron, and with the 
similar 
signal-to-noise ratio in a photoreceptor 
under 
stimulus condition&. 
• : Behavioural data determined with our stimulus screen, 
using the standard grating of spatial frequency 0.05 
-1 -1 
cycles.degree and temporal frequency 1.2 cycles.s . Each 
data point represents the mean contrast sensitivity measured 
Range bars show standard deviation . in four or more animals. 
O : Comparable behavioural results of Fermi and Reichardt 
(1 963) who used a vertically striped drum for a stimulus, 
with a spatial frequency 0.02 cycles.degree-l and temporal 
frequency 1.47 cycles.s-1 . Their luminance scale (apostilbs) 
was equated with our screen luminance using the calibrations 
described in the text. 
6 : Contrast sensitivity of a Hl neuron in the lobula plate 
of the fly Lucilia sericata, measured using our grating 
stimulus (D . R. Dvorak, unpublished data). ·l 
o : The signal-to-noise ratio recorded intracellularly in a 
photoreceptor of type Rl-6 while it is viewing our standard ~ 
screen stimulus. 
section 2 .3) . 
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2. 4. 2 Photoreceetor responses at behavioural threshold 
Intracellular responses were recorded from 25 Rl-6 
cells, stimulated by the same uniform screen. Before 
collecting data from a cell, its physiological well-being was 
checked. Only those cells which produced a depolarizing 
receptor potential of more than 50 mV amplitude were 
analysed. Because the fly's eye is susceptible to 
defocussing by damage to the head capsule (Kirschfeld, 1972), 
the visual field of the cells was checked by measuring the 
modulation transfer function (MTF) for spatially sinusoidal 
gratings over a frequency range of 0.012 to 0.6 cycles per 
degree (described in detail in Chapter 4). The half-width 
of the angular acceptance function 6p (inferred by inverse 
transformation of the MTF) for the cells used lay between 2° 
and 2.5° when the eye was adapted to the maximum mean 
luminance of the screen. This range of values agrees well 
with the half-width of 2.5° measured from animals with intact 
optics (Scholes and Reichardt, 1969). 
At low intensities the responses of photoreceptors 
consist of a train of fast, discrete depolarizations, or 
'bumps' superimposed 
(Hardie, 1979). The 
light is turned on and 
upon a noisy background (Fig. 2-2a) 
background noise increases when a dim 
1n the best recordings slow, low 
amplitude bumps can be resolved in this noise in addition to 
the fast bumps. This phenomenon was further investigated and 
the results are described in section 2.4.5. 
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Figur e 2-2 
The intracellular responses of a photoreceptor of type Rl-6, 
and a first order interneuron ( LMC) to our stimulus screen at 
intensities at, or below, the absolute threshold for the 
optomotor response. 
a) Photoreceptor responses to a uniform screen with a 
luminance equal t o the mean luminance of the grating stimulus 
at absolute threshold. The discrete depolarizations (bumps) 
are clearly seen. 
b) The response of an 
below the absolute 
hyperpolarizing bumps. 
LMC to a screen luminance lo2 log units 
threshold value is a train of fast 
c) The response of an LMC to the standard grating of contrast 
l at the luminance corresponding to absolute threshold. The 
temporal modulation of the stimulus intensity at a 
corresponding point on the screen is shown below each trace. 
All records are from cells in the frontal eye region of 
female Musca domesticae The rising and falling phases of 
transient responses have been retouched for clarity . 
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Figure 2-3 
The linear relationship between 
bump frequency in two Rl-6 
( • and 6 ) • Straight lines 
incident light intensity and 
( • and O ) and in two LMC' s 
regression 
e: 0.989; 
analysis 
0 : 0.969; 
were 
(regression 
fitted using 
coefficients 
• : 0. 99 8 and 6 : 0.999). 
linear 
were: 
The 
CRT-screen was the light source used i~ this experiment. As 
described in the text, the neural superposition theory 
predicts a ratio of six between lamina bumps and retina bumps 
at any given intensity (if each receptor bump produces a bump 
in the first order interneuron). The measured bump rates in 
the LMC's are approximately three times as high as the 
predicted values (dotted line). 
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The following observations establish that t he se 
bumps are responses to sing le photon absorptions: ( i ) the 
bump rate is proportional to the stimulus inten sity 
(Fig. 2-3) ; ( ii) there are few dark bumps; ( iii) the 
distribution of inter-bump intervals closely approximates an 
exponential function (Fig. 2-4a), suggesting that the t r ain 
of bumps is governed by a Poisson process (Fuortes and 
Yeandle, 1964) with each bump corresponding to one abso rb ed 
photon (Lillywhite, 1977). The finding that about half as 
many bumps are produced as there are photons available to the 
cell (see section 2.4.4) excludes the possibility of several 
photons being necessary to produce a bump. 
To determine the bump rate at behavioural thres hold, 
we analysed over 2000 seconds of recordings from receptor 
cells subjected to the threshold stimulus. Bumps were 
discriminated by eye because of the variability of bump size 
(Fig. 2-Sa) and the relatively poor signal-to-noise ratio. 
However, despite careful coµnting, the error introduced by 
missing bumps buried in the noise must be significant, and a 
large proportion of the variability in the results obtained 
in different cells could be due to this fact. The b est 
recordings with low noise generally gave higher bump rates. 
-
This is consistent with the expectation that the bigger the 
noise, the more bumps are buried in it. 
The average bump rate at the threshold mean 
intensity for the behavioural response was found to be 
1.7 ± 0.7 bumps.s-l per cell (mean± S.D.). This figure was 
obtained by averaging data acquired from 25 diffe rent 
retinula cells (all in the frontal, central region of t he 
d 
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Figure 2-4 
A comparison between the measured intervals between the bumps 
recorded from photoreceptors in the retina (a; n = 476), and 
from first order interneurons in the lamina (b; n = 185). In 
both cases the measured dislribution follows that predicted 
from a Poisson process with the same event rate ( e). If a 
receptor bump triggered more than one lamina bump we would 
expect to see an excess of short 
bumps. 
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Figure 2-5 
The distribution of 
receptors Rl-6 1n 
lamina (n = 159) when 
I 
t"- - - - --
4 6 8 
Bump amplitude ( mV) 
bump amplitudes recorded from 
the retina (n = 260) and b) LMC's in 
the retina was illuminated by 
a) 
the 
the 
screen. Note that the bumps in the lamina are consistently 
larger than those in the retina. 
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eye) after having corrected for the luminances of the screen 
at which the experiments for individual cells were carried 
out. The bump rate measured from each cell was given a 
weight proportional to the duration of the recording, so 
that, in effect, the pooled data was treated as one record. 
2.4.3 The responses of first order interneu£ons at 
absolute threshold 
We extended our 
interneurons 1n the first 
recording intracellularly 
monopolar cells (LMC's) 
study to the first order 
optic ganglion, the lamina, by 
the responses of the large 
(Zettler and Jarvilehto, 1971; 
Laughlin and Hardie, 1978) to the screen. Recordings from 
LMC's were identified by a characteristically noisy baseline 
in darkness, the highly sensitive triphas1c response to a 
flash of light (Laughlin and Hardie, 1978), and the narrow 
angular sensitivity again obtained by inverse transformation 
of the MTF. Three questions were addressed: Does the 
response of LMC's to low light intensities (which produce 
well-separated bumps 1n the retina) show bumps? Do these 
lamina bumps exhibit a linear relationshjp with the light 
intensity? Finally, what is the ratio between the number of 
retina and lamina bumps at a given intensity? 
The position of the electrode was carefully chosen 
so as to record from the same frontal region in the lamina as 
we did in the retina. To reduce further the possible 
variability, recordings from the lamina and the retina were 
done on the same animal. Figure 2-2b shows the response of a 
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lamina cell to a uniform screen of luminance 1.2 log units 
below the mean value at absolute behavioural threshold. Fast 
hyperpolarizing bumps can be seen. Their maximum amplitude 
is as high as 8 mV, compared with 3 mV in the retinula cells 
(Fig. 2-Sa and b). The frequency of inter-bump intervals 
predicted by Poisson statistics, under the assumption that 
each receptor bump produces only one bump in the lamina 
( e 1n Fig. 2-4b), lS . 1n with the good agreement 
experimental results (also Fig. 2-4b) and thus it 1s very 
unlikely that one retina bump produces more than one lamina 
bump. 
Bump rates were measured in fifteen cells at . SlX 
different light intensities, covering a range of 
approximately 1.5 log units, and the relationship between 
rate and intensity was linear (Fig. 2-3). Only very few 
bumps were observed 1n the dark-adapted lamina. At 
intensities producing -1 more than 6-7 bumps.s 1n the LMC's, 
it was difficult to measure bump rates accurately because a 
significant proportion of bumps tended to overlap or 
coincide. At the behavioural threshold, the grating stimulus 
produces a distinct and continuous sinusoidal modulation of 
membrane potential 1n the LMC's (Fig. 2-2c). Using the 
-linear relationship between the intensity of light and the 
bump rate in the lamina, the number of lamina bumps at the 
behavioural threshold can be calculated, by extrapolation, to 
-1 be approximately 30 bumps.s . 
In the fly's neural superposition eye, each of the 
LMC's is postsynaptic to six photoreceptors, and although 
these receptors are located in different ommatidia they are 
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aligned to share the same field of view (rev. 
Kirschfeld, 1973). Given that each bump in a photoreceptor 
produces no more than one bump postsynaptically in the LMC, 
we would expect the interneuron bump rate to be at most six 
times that of the receptor under the same stimulus 
conditions. However, measurements of the bump rate in LMC's 
show that it is 18-20 times that of the receptor. 
There are two possible explanations for an excess of 
bumps in interneurons. The first is that it is an artefact 
resulting from an underestimate of the receptors' true bump 
rate. The process of intracellular recording might damage 
receptors optically and lower their quantum capture 
efficiency, or bumps could be obscured by electrode noise. 
The surplus of interneuron bumps requires that we 
underestimate the true quantum catch of the receptor by a 
factor of .three. Our calibrations (see section 2.3 and 
below) show that an error of this magnitude is unlikely 
since, under our recording conditions, a receptor absorbs 
about half of the photons available to it at the cornea. The 
effect of any damage must be small, as indicated by the 
healthy responses and the apparently well-focussed optics. 
Many of the bumps seen in a singJe LMC must result 
from photons absorbed in receptors that lie outside the 
neural superposition projection of six cells. This 
convergence could be mediated either through coupling between 
receptors or through interneurons in the lamina. Further 
evidence for lateral interactions is presented below. 
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2.4.4 Photoreceptor quantum capture efficiency 
At behavioural threshold (i.e. 3.64 log units below 
the unattenuated screen intensity), the photon flux available 
to the receptor is (1.6 ± 0.6) x 10 4 x 10-3 · 64 = 3.7 ± 1.4 
photons.s-l - (see section 2.3). The quantum capture 
efficiency (QCE) of photoreceptors of the type Rl-6 is given 
by the ratio between the number of photons absorbed (i.e. 
the recorded bump rate) at the absolute behavioural threshold 
intensity (1.7 ± 0.7) and the number of photons of optimum 
energy available in each cell at the same intensity 
(3.7 ± 1.4). This gives QCE 0.46 ( ±0.36). The 
variability of over 70% in the QCE is partly due to the 
variability in the values of the anatomical parameters used 
in calculating the figure in the denominator of the QCE. We 
have assumed that the facet diameter and each vary by 
about 10%, a figure which includes measurement errors and 
real variations from facet to facet and cell to cell. High 
bump rates are probably measured in retinula cells with large 
facets and/or big 6p and thus the variability in QCE is 
certainly over-estimated. It is however impossible to obtain 
a quantitative estimate of the correlation between the 
variabilities of the two quantities 
calculation of the QCE from our data. 
involved . in the 
A more accurate estimate of the QCE can be obtained 
by using monochromatic light from a point source. If light 
of the optimum wavelength is used on-axis, only the facet 
diameter enters the calculations, and there is no need to 
assume the spectral sensitivity function or the angular 
sensitivity function of the retinula cell. Point source 
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experiments also allow us to investigate the origin of the 
slow, low amplitude receptor bumps and of the excess bumps 
recorded from the LMC's. 
The average photon flux through one facet exposed to 
the monochromatic 
(1.54 ± 0.23) X 10 7 
point source was calculated to be 
photons.s-l (without neutral density 
filters) (see section 2.3). The light intensity was reduced 
by 6.8 log units and the response of Rl-6 cells to this 
stimulus was observed. Fast depolarizations (Fig. 2-6a) were 
counted, and since the wavelength of the photons is optimum, 
the QCE can be directly obtained by taking the ratio of bumps 
observed (1.1 ± 0.1) 
(2.1 ± 0.35): 
to photons reaching one facet 
Thus, 
QCE - 0.52 ( ±0.14) 
this more direct determination of the QCE . using 
monochromatic light of optimal wavelength from a point source 
agrees quite well with the QCE of 0.46 determined using the 
extended light source. 
There is however an interesting difference between 
the photoreceptors' responses to the point source and to the 
screen. With the extended source, the response to very dim 
light was always composed of fast hig~-amplitude bumps but 
was accompanied by . an increase in the background noise. In 
good recordings one could identify this noise as being 
composed of slower, smaller amplitude bumps. These small, 
slow bumps were not taken into account in determining the QCE 
because we initially believed that their origin was not in 
the cell being recorded from, but in the other 5 cells 
'looking in the same direction', since these were shown 
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Figure 2-6 
Intracellular responses of a photoreceptor and an LMC to a 
monochromatic point source, showing the dependence of small 
bump frequency on stimulu s position within the receptive 
field. 
a) Retinula cell with point source on-axis and the light 
intensity attenuated by 6.8 log units. The response consists 
mainly of fast, high-amplitude bumps. 
b) Same retinula cell immediately afterwards with point 
source off-axis in the position indicated in the inset and 
the light intensity 0.9 log units higher than before, so that 
the slow, low-amplitud e bumps are more visible. 
c) Lamina cell with point source on-axis. The light was 
attenuated by 7.8 log units of neutral density filters. 
Again, as in a), the response is a series of fast, 
high-amplitude bumps. 
d) Same LMC immediately after recording c). The 
point source was positioned off-axis as indicated in the 
figure and the light intensity was increased by nearly two 
log units. Due to the higher light intensity, about the same 
number of direct, high-amplitude bumps are recorded in the 
LMC penetrated by the electrode but a very clear increase in 
low-amplitude bumps can be observed. 
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recently by Shaw (1979) to be electrically coupled. However, 
these slow events are practically absent if an on-axis point 
source is used (Fig. 2-6a). Consequently this coupling 
hypothesis has to be abandoned. To see if these small, slow 
amplitude events in receptors arise through lateral 
interactions either the retina or the lamina, we 
investigated the dependence of both receptor and LMC 
responses upon the position of a point source stimulus. -
2.4.5 Lateral interactions at low intensities 
If the small amplitude events recorded in one 
receptor arise from single photon signals in neighbouring 
cells, then the frequency of small bumps should increase as a 
point source is moved away from the centre of a receptor's 
field of view. This is indeed the case. Off-axis light 
produces more smal 1 bumps and fewer large ones 
(Fig. 2-6a and b). This effect was seen at eight off-axis 
positions of the stimulus, but no attempt was made to map the 
dependence of small bump frequency on stimulus position, 
partly because the individual small bumps were difficult to 
resolve (Fig. 2-6a and b). We noticed that the 'noise' 
generated by superimposed small bumps increased to a maximum 
at about 2° from the axis and then declined again at larger 
distances from the centre of the receptor's field. Since 
this angle corresponds to the spacing of receptors in the 
omma t id ial mosaic, this observation suggests that the 
interaction generating small bumps is greatest between 
neighbouring receptors. Our observation of a lateral 
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interaction between receptors provides no evidence for the 
mechanism linking receptors. This interaction might be 
introduced by the electrode, if the penetration artefactually 
couples neighbouring cells in an ommatidium. This 
possibility can be tested by recording from monopolar cells 
which, since the electrode is now in the lamina, receive 
inputs from intact receptors. 
As in the receptors, the LMC response changes with 
position of a point source within its field of view. 
the stimulus in the centre of the field, 
the 
With 
large 
hyperpolarizations occur with a frequency that is six times 
that observed in receptors under identical conditions. This 
is precisely the increase in frequency expected from the 
known projection of receptor axons to interneurons. By 
comparison, a point source in a more peripheral region of the 
field produces more events of a small amplitude 
(Fig. 2-6c and d; Fig. 2-7). These small events probably 
correspond to the small bumps seen in receptors under the 
same stimulus conditions and make it unlikely that the origin 
of small bumps in the receptors is artefactual. 
The experiments using point stimuli have revealed a 
lateral summation of signals from receptors with different 
fields of view, and this interaction is seen as small bumps 
in both cell types. This summation is responsible for the 
large number of bumps seen in LMC's when an extended source 
was used (Fig. 2-3), since it was relatively easy to 
distinguish between large and small bumps in receptors, but 
difficult in the LMC's. The small bumps in receptors are 
either too small to be resolved amidst electrode noise, or 
r 
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Figure 2-7 
Amplitude distributions for the bumps produced when an LMC is 
stimulated on-axis, 1n the centre of its visual field 
(n = 77) and off-axis, towards the periphery of the field 
(n = 98). Note that the relative frequencies of small and 
large bumps are dependent upon stimulus position. 
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have a characteristic slow rising phase. With our recording 
equipment, display and time base, both large and small LMC 
bumps appear to have the same time course, and the 
amplification of signals at the insect visual system's first 
synapse (Shaw, 1968; Jarvilehto and Zettler, 1971; 
Laughlin, 1973) apparently ensures that the small LMC bumps 
are large enough to be resolved against noise. Consequently, 
when using extended sources we counted only large bumps in 
receptors, but both small and large in LMC's. The similarity 
in time courses of large and small bumps in LMC's may reflect 
the limitations of our recording techniques or the fact that 
during transfer from receptor to LMC, the high frequency 
components of the signal are selectively amplified 
(Jarvilehto and Zettler, 1971). It is also possible that 
lateral interactions take place at the receptor terminals in 
the lamina, and that the slow bumps seen in the receptor cell 
body in the retina are smoothed and attenuated versions of 
the signal in its distal terminal. Our experiments do not 
allow us to isolate the level or levels in the visual pathway 
at which the lateral interaction takes place. 
2. 4. 6 Comparison of behavioural cont£ast sensitivity with 
_erevious work 
The results described above show in a direct manner 
that single photons producing well-separated depolarizations 
in the receptor cells are an effective stimulus for the 
optomotor system in Musca. Scholes and Reichardt (1969) 
indirectly came to the same conclusion by estimating the 
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light available to each retinula cell under the thres hold 
condition from measurements of the light flux with a 
radiometer. Since extensive behavioural studies of the 
optomotor system in Musca have al ready been carried out 
(Fermi and Reichardt, 1963; Reichardt, Braitenberger and 
Weidel, 1968; Scholes and Reichardt, 1969), one would like 
to be able to compare our results with the previous studies. 
To enable this comparison, the intensity of our light source 
relative to those of previous studies has to be established. 
Two methods of calibration can be used: (i) the photon 
flux and the spectral distribution of light are measured 
using a radiometer and then compared with the corresponding 
measurements carried out by Scholes and Reichardt (1969); 
(ii) alternatively, the average response/intensity curve for 
the retinula cells in our experiments can be compared with 
the one published by Scholes and Reichardt (1969) and an 
identical response would then mean identical effective 
stimulus intensity. Scholes and Reichardt used both methods 
when they compared the screen intensity with the intensity of 
a point source. The comparison of response/intensity curves 
1s more direct, but it relies on the assumption that the 
cells are always equally sensitive. two extreme 
response/intensity curves obtained in our experiments exhibit 
a shift of about 0.8 log units on the intensity scale, which 
1s a considerable difference. Moreover, the fact that 
Scholes and Reichardt did not see any discrete bumps at low 
intensities while we did, also indicates that their cells had 
a lower sensitivity. 'rhus only the results obtained by the 
radiometric method (as described in section 2.3) were used to 
compare our results with the previous behavioural study of 
this species of fly. 
The contrast 
response found by 
alongside our own 
calibrations, and 
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sensitivity 
Fermi and 
function of the optomotor 
Reichardt (1963) is plotted 
in ' Figure 2-1, after -using our 
those of Scholes and Reichardt (1969), to 
equate the intensity scales. Both sensitivity functions have 
the same shape, but Fermi and Reichardt's sensitivities are 
consistently ten times greater than ours over the entire 
range of intensities we employed. This discrepancy is to be 
expected since Fermi and Reichardt (1963) used a rotating 
drum as their stimulus, and this subtended ten times the 
solid angle of our screen (5.5 - 6.9 steradians, cf. 0.66 
steradians) . Fermi and Reichardt also used a less 
conservative definition of behavioural threshold than our 
own. 
' I 
' 
i 
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2.5 DISCUSSION 
We have correlated photoreceptor and first order 
interneuron responses with the absolute threshold for the 
optomotor response. This establishes the peripheral neural 
substrate for subsequent processing at threshold intensities. 
Previous experiments of this type, performed upon visual 
systems, have either looked at receptors alone (Scholes and 
Reichardt, 1969) or have recorded responses from an excised 
retina 1n 
disrupted 
which 
(Fain, 
the normal 
Granda and 
physiological preparation, 
circulation and optics were 
In our Maxwell, 1977). 
the retina and optics are 
virtually intact, and behavioural thresholds are determined 
with an intact animal. Consequently, this invertebrate 
preparation is subject to far less uncertainty 1n its 
interpretation because, . 1n both the behavioural and 
electrophysiological experiments, the retina is in virtually 
the same condition. 
Our results confirm the conclusions drawn by 
Reichardt (1969) from behavioural experiments, namely that at 
the absolute-intensity threshold of the optomotor reflex the 
photoreceptors are responding with a random train of isolated 
single photon sigals. As in other arthropod photoreceptors 
(Yeandle, 1958; Scholes, 1964), the single photon signals in 
photoreceptors are depolarizing quantum bumps. We find that 
the corresponding post-synaptic response of the first order 
interneuron, the LMC, . 1s a hyperpolarizing bump. A 
comparison between photoreceptor and LMC bumps shows that 
single photon signals are useful signatures for exploring 
neural circuits. Synaptic amplification of signals, inferred 
I 
/, 
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from earlier experiments on LMC's (Zettler and 
Jarvilehto, 1971), is confirmed by the observation that bumps 
are three times larger in LMC's than in photoreceptors. The 
sixfold increase in bump frequency seen when comparing LMC's 
and receptors viewing the same point source stimulus confirms 
the anatomical finding that six photoreceptors with the same 
field of view coverage onto one set of post-synaptic 
interneurons (Kirschfeld, 1973). Thus the single photon 
signals, which occur randomly among different photoreceptors, 
allow one to separate the effects of synaptic amplification 
from convergency with a precision that was impossible when 
dealing with the highly correlated receptor responses 
observed at higher intensities (Laughlin, 1973). Moreover, 
the single photon signals have demonstrated a new pathway for 
which, as yet, there is no satisfactory anatomical substrate. 
When using an extended source, a comparison of photoreceptor 
and LMC bump rates shows that at least 18-20 receptors 
converge onto each LMC and this indicates a significant 
lateral summation of photoreceptor responses. It . is 
interesting to note that the previous experiments, conducted 
at higher intensities, showed that LMC's are subject to 
lateral inhibition (Zettler and Jarvilehto, 1972; 
Mimura, 1976). This suggests that at low intensities the 
balance between lateral inhibition and lateral summation tips 
in favour of summation. Indeed it is difficult to conceive 
of a function for lateral inhibition during the processing of 
discrete quantum bumps, whereas summation is an essential 
part of the acknowledged strategy whereby a visual system 
sacrifices spatial acuity for a workable signal-to-noise 
ratio at low intensities (Pirenne, 1967; Snyder, 1979). 
-63-
The direct measurement of photoreceptor and 
interneuron responses reveals two factors which enable the 
fly's visual system to use single photon signals effectively 
and reliably. The first is that although the receptors 
produce a small quantum bump of 2 mv, the intrinsic receptor 
noise is comparatively small. This allows the second 
contributory factor, synaptic amplification, to generate a 
well defined response of 2-8 mV amplitude, much larger than 
the receptor signal. 
As well as showing the amplitude of the smallest 
resolvable receptor response, the intracellular recordings 
provide a quantitative measure of the signal-to-noise ratio 
in receptors at threshold. This allows one to draw 
conclusions about the factors, both intrinsic and extrinsic, 
which contribute to the detectability of the stimulus. As a 
simple example, we have compared the signal-to-noise ratios 
receptors . . viewing threshold contrast modulations at a 
number of different mean intensities. A typical result is 
shown in Fig. 2-9. The data of Fig. 2-1 and the linear 
increase in signal amplitude with contrast at any of the mean 
intensities (Fig. 2-8) were used to calculate these values. 
The receptor signal-to-noise ratio at threshold declines with 
intensity. Since the signal-to-noise ratios of the 
behavioural responses under these conditions are constant (by 
definition) the fall in receptor signal-to-noise ratio can 
only mean that, for our stimulus, the visual system gets 
better at separating signal from noise as intensity falls. 
Because we used a slowly-moving, coarse grating, this 
improvement in the resolution of the receptor inputs probably 
results from an increased spatial and temporal summation of 
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Figure 2-8 
Response amplitude as a function of stimulus contrast 1n a 
photoreceptor. The peak to peak amplitude, normalised 
relative to the maximum value obtained 1s plotted at two 
values of mean stimulus intensity, namely at screen intensity 
attenuations of 0.8 ( e) and 1.6 ( •) log units. In both 
cases the sinusoidal grating had a spatial frequency of 0.05 
1 -1 cycles.degree- and a temporal frequency of 1.2 cycles.s . 
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Figure 2-9 
Receptor signal-to-noise ratio (mean± S.D.) 
behavioural threshold contrasts measured at a 
0 
at the 
number of 
different intensities. The data presented in Figure 2-1 was 
used together with the fact that the responses in Rl-6 to 
sinusoidal gratings at any given intensity are found to be 
linear over the range of contrasts used (see Figure 2-8). 
The intensity is measured relative to the unattenuated mean 
screen intensity. 
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receptor signals of the type inferred from analyses of the 
optomotor system's spatial 
and 
resolving powers at 
Pick 
low 
and intensities (Dvorak Snyder, 1978; 
Buchner, 1979; Srinivasan and Dvorak, 1980). 
In _conclusion, the analysis of single photon signals 
has revealed new pathways which have until now escaped 
notice, despite extensive anatomical and physiological 
studies of the fly's visual system. Our recordings also show 
that it 1s possible to examine the role of the first order 
inter neurons Ll and 
. presuming 
L2 
that they 
determining 
feed into 
the 
the 
optomotor 
optomotor threshold, 
system. Thus the correlation of neural responses with 
behaviour can take what were previously abstract measures of 
receptor and interneuron responses, and place them within the 
context of the discriminatory tasks necessary for v1s1on. 
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CHAPTER 3 
N O N - L I N E A R I T Y 
A N D L I G H T A D A P T A T I O N 
I N T H E F L Y P H O T O R E C E P T O R 
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3.1 SUMMARY 
1. Short, dim flashes were used to investigate the properties 
of the photoreceptor response in the compound eye of the 
fly Musca domestica. 
2. In a dark-adapted receptor cell, the latency of the 
response and the response peak amplitude were determined. 
The response amplitude increases linearly up to an 
intensity where 10 photons are absorbed in one cell . 
Above this intensity the . gain of the transduction 
decreases. 
3. However, even below this flash intensity the response as a 
whole is not linear because a significant reduction of the 
time-to-peak is observed in responses produced by the 
absorption of only four photons, and possibly even less. 
4. These results show that a very dim adapting light also 
affects the time course of the response to a flash. This 
has been verified experimentally. Some previous authors 
did not detect any changes in latency through light 
adaptation. This anomaly is explained because these 
authors' lowest adapting light was bright enough to 
light-adapt the cell nearly completely with respect to the 
time-to-peak. 
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5. The implications of the 'prebump' hypothesis (Hamdorf and 
Kirschfeld, 1980) are discussed and the possibility of a 
common mechanism responsible for the non-linearity in the 
dark-adapted cell and the light adaptation effects is 
suggested. 
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3.2 INTRODUCTION 
Changes in the properties of the photoreceptor 
transducer mechanism due to light adaptation have been 
studied previously in terms of changes in the frequency 
response. Sinusoidally modulated light (Fuortes and Hodgkin, 
1964; Zettler, 1969; Smola and Gemperlein, 1972) and more 
recently white noise stimuli (French, 1979) were used for 
these experiments. In some studies this type of 
investigation was complemented by another method where the 
response to short flashes of light ( 'delta'-flashes, 
Leutscher-Hazelhoff, 1975) was measured (Fuortes and Hodgkin, 
1964; Pinter, 1966; Zettler, 1969; Pinter, 1972; 
Leutscher-Hazelhoff, 1975). Both experiments yield the same 
information if the system under investigation is linear. 
Leutscher-Hazelhoff (1975) showed by performing both types of 
experiments that at low light levels the two sets of data are 
compatible in Calliphora and thus a linear approximation is 
justified under these circumstances. 
Fuortes and Hodgkin (1964) and Pinter (1966) studied 
the Limulus photoreceptor and reported a change in both gain 
and phase shift. A change in phase 
accompanying shift of the maximum . gain 
shift 
to a 
and the 
different 
frequency is equivalent to a change in the time course of the 
response to a short flash. The first intracellular study in 
insects on this topic was Zettler's work on Calliphora 
erythroceEhala (1969). His findings are different from later 
work in fly (Leutscher-Hazelhoff, 1975; Smola and 
Gemperlein, 1972) in that he reports no changes in phase at 
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different adaptation levels. No explanation concerning t hi s 
fact is given in the later publications describing such 
changes in fly photoreceptors. In fact the most recent 
investigation (French, 1979) 
effect of light adaptation 
again failed 
upon the time 
response over the range of intensities used. 
all authors reported a decrease in gain when 
to reveal 
course of 
any 
t h e 
Thus, although 
the receptor 
cells were light-adapted, the change in time course (i.e. 
speeding-up of the response with light adaptation) has not 
been observed in all published experiments. This work sets 
out to discover the cause of this apparent contradiction and 
the results presented here allow this problem to be resolved 
in a very satisfactory manner. 
If the system is linear, the response to sine waves 
of different temporal frequency yields the same information 
concerning the transduction mechanism as the impulse-response 
function measured by stimulating the receptor with a short 
flash (Howard, 1981). However, the latter method is much 
more sensitive to changes in the time constant, especial l y 
when a very low background light intensity is used. In this 
work the 'delta'-flash method was employed. It is possible 
to reduce the background light to zero, - and thus effec t s 
occurring when the cell 1s adapted to a very low light 
intensity may be monitored. Furthermore it is possible to 
study the properties of the dark-adapted receptor. It is 1n 
these experiments on dark-adapted cells that a new 
non-linearity has been discovered. This will be the subject 
of the first part of section 3.4. 
I 
I . 
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These data also suggest that the non-linearity 
observed in the dark-adapted receptor is produced by the same 
mechanism as the changes observed when the receptor 1s 
adapted to a continuous light. 
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3.3 METHODS 
Intracellular recordings were made from the left eye 
of female Musca domestica using standard techniques (Hardie, 
1979). 
Stimulation: Light was delivered by a Light 
Emitting Diode (LED; Siemens LD57C, peak wavelenth: 560 nm, 
width at half height: 25 nm). The LED was mounted on a 
Cardan arm at a distance of 12 cm from the eye. The plastic 
capsule of the LED has an outer diameter of 4 mm. The light 
emitting surface of the device is much smaller (square with 
1.5 mm sides) but the apparent size of the light source is 
increased by the plastic capsule. Nevertheless the LED can 
be considered as a point source subtending not more than 1.9 
degrees at the surface of the eye. The timing of the flashes 
was controlled using a lab computer (PDPll/03). Small 
changes in intensity of the flashes and the background light 
were made by adjusting the voltage driving the LED. When 
necessary small ND filters (Kodak Wratten gelatine) placed at 
1 cm from the LED were used to further reduce the intensity. 
Measuring procedures: Short flashes of 0.8 ms 
duration were delivered every 500 ms and the response to 
these flashes sampled every 0.4 ms by the computer 
(PDPll/03). Responses were averaged over 100 to 1000 
presentations and then displayed on a CRT and stored on 
floppy disk. 
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Calibration: The dependence of intensity emitted 
from the LED on the driving voltage was measured using a 
IL700 spectroradiometer (International Light, Massachusetts, 
U.S.A.) with a silicon detector (SEElOOF). The intensity was 
found to be a linear function of the voltage drop produced by 
the LED over the whole range of voltages used in the 
experiments. However, due to the properties of the interface 
between the computer and the LED and the LED itself, the 
pulse shape is not rectangular. Thus the power or number of 
photons contained in a flash could not be computed from the 
power of the continuous light. To obtain this information 
the energy flux of 100 flashes was integrated using the IL700 
radiometer. The quantal content of each flash was then 
calculated and expressed in photons absorbed in the cell 
assuming a quantum capture efficiency of 0.5 at optimum 
wavelength (see Chapter 2) . i.e. 0.15 at 560 nm (Hardie, 
1979). For a given voltage the quantal content per second of 
a continuous light is approximately 10,000 times that of one 
flash driven by the same voltage. 
Using this constant ratio of 1 to 10,000 between the 
quantal content of a flash and that of a continuous light per 
second, the calculated mean photon absorption from one flash 
can be checked 1n the following way: the single photon 
absorptions produced in a receptor by a continuous light 
(driving the LED with a given voltage) attenuated by 4 log 
units of neutral density filters are determined by counting 
'bumps'. The mean absorption rate per second must be equal 
to the mean number of photons absorbed from one unattenuated 
flash produced by the same voltage. These measurements are 
in good agreement with the quantal content obtained by 
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integrating flashes of the highest intensity. However it has 
to be noted that the two methods are not completely 
independent because the ratio between the power of a flash 
and that of the continuous light was used 1n the second 
calculation. In all figures the flash intensity 1s given in 
relative units. Unit intensity . corresponds to a mean 
absorption of 10 + 3 photons per flash. 
3.4 
3.4.1 
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RESULTS 
Linearity of the !esponse in the dark-adapted 
photoreceptor 
Using 'delta'-flashes, the linearity of the 
transducer mechanism the dark-adapted state was 
investigated (Fig. 3-1). In the linear range the amplitude 
of the response should be related to the flash intensity by a 
constant factor, the gain. Thus the shape of the response 
should remain constant and responses to two different 
intensities should be superimposable upon each other if the 
amplitudes are normalized. As is shown in Fig. 3-2a, the 
peak response amplitude increases linearly with light 
intensity up to about 11 mV in this particular cell; the 
non-linearity in peak amplitude (i.e. change in gain) 
commenced in some cells at a much lower response amplitude, 
as can be seen in Fig. 3-2b. The fact that there is a 
considerable range of light intensity for which the response 
amplitude is a linear function of the intensity has been 
shown by Leutscher-Hazelhoff (1975) in Calliphora. 
There is, however, a new non-linearity which shows 
up in this experiment. Even though the peak response 
amplitude increases linearly with intensity, the time course 
does not remain constant; the time-to-peak of the response 
is a function of the intensity of the 'delta'-flash even in 
this low intensity range. The brighter the flashes, the 
shorter the time-to-peak of the response. Taking into 
account an experimental error of ±1 ms (±S.D. when the 
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10 20 30 40 50 60 
Time after flash (ms) 
Responses of a dark-adapted photoreceptor to flashes of o.a . 
ms duration. The relative intensities of the flashes were 
0.19, 0.37, 0.5, 0.74, 0.87, 0.98, 1.11 and 1.24. Each curve 
represents an average of 100 responses to flashes presented 
at 500 ms intervals. 
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Figure 3-2 
Amplitude and time-to-peak of responses to 'delta'-flashes of 
increasing intensity recorded from two dark-adapted 
photoreceptors. 
a) Photoreceptor exhibiting 
amplitude and intensity 
response amplitudes. 
a 
over 
linear relationship between 
a particularly wide range of 
b) Sarne photoreceptor as in Fig. 3-1. The linearity 1n 
response amplitude breakes down at approximately the same 
intensity as in Fig. 3-2a. However the response for a given 
intensity is smaller than in cell a. 
I 
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experiment is repeated 10 times) this decrease 
time-to-peak with higher intensities becomes significant at a 
relative intensity of approximately 0.4 units (Fig. 3-2). At 
this intensity an estimated 4 photons are absorbed in the 
receptor from each flash. It is important, however, to point 
out that none of the data obtained in this study indicate 
that the time-to-peak is constant below this intensity. 
Unfortunately, because of an insufficient signal-to-noise 
ratio, the results presented here do not provide 
statistically significant data below a relative intensity of 
0.4. The relationship between the flash intensity and the 
time-to-peak is approximately linear, as shown in Fig. 3-2. 
Even over the limited intensity range investigated, 
shifts in time-to-peak of up to 20 ms were observed. The 
possibility of this shift being due to light adaptation from 
consecutive flashes is unlikely, but was examined. Instead 
of delivering a flash every 0.5 second, intervals of 0.25, 1 
and 2 seconds were used. A small degree of light adaptation 
could be detected for flash intervals of less than one second 
but a significant shift was only observed with responses 
greater than 15 mV (Fig. 3-3a, crosses). The shift . in 
time-to-peak due to this light adaptation- is still less than 
2 ms even with the 15 mV response and only slightly greater 
than the experimental error, estimated to be 1 ms. 
Therefore, even at these relatively high light intensities 
(approximately 30 photons absorbed per flash) only 10% of the 
change in time scale may be attributed to light adaptation 
caused by interaction between consecutive flashes. At lower 
intensities the adaptation effect with 0.5 s intervals is 
insignificant. 
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Figur e 3-3 
Tim e - to -pe ak of responses to 'delta'-flashes as a function of 
the peak amplitude of the response in a dark-adapted 
phot o r ec eptor. The same data as in Fig. 3-2 has been used. 
A linear relationship seems to approximate the data 
s atisfactorily even at intensities for which the response 
amplitudes are already non-linear (see also Fig. 3-2). The 
crosses were obtained using a constant flash intensity but 
different intervals between consecutive flashes. The 
interval used is indicated for each cross in the fig _ure. No 
chang e in gain can be observed and only a slight increase in 
time-to-peak for longer intervals is found. 
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3. 4. 2 
If the 'delta'-flash is presented superimposed upon 
a continuous background light, the response to this flash is 
very different from the one generated by the same dim flash 
-
1n the dark-adapted receptor. This has been known for some 
time (Zettler, 1969; Smola and Gemperlein, 1972; 
Leutscher-Hazelhoff, 1975; French, 1979) and all authors 
agreed upon the fact that light adaptation brings about a 
drastic 
mechanism. 
change 1n the voltage . gain of the transducer 
This finding was confirmed in these experiments and 
can be readily seen in Fig. 3-4; the stimulus used to obtain 
the light adapted curve LA2 is approximately the same as the 
one producing the much bigger responses in the dark-adapted 
state (DAl and DA2). At the same time this figure shows a 
very prominent feature produced by the light adaptation 
mechanism, namely, that the time-to-peak of the response . lS 
much reduced. Starting dark-adapted at 34 ms the 
time-to-peak became 12 ms in the most light-adapted state 
(LA3) shown in Fig. 3-4. It was reduced further to 10.8 ms 
when the background intensity was doubled. Because of the 
limited light power available it was not possible to 
determine the shortest possible time-to-peak of the response. 
However, from the near asymptote in the data presented in 
Fig. 3-5, one can expect that the time-to-peak will not fall 
much below 10 ms with extreme intensities (at the temperature 
of 25°C used in these experiments). 
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10 20 30 40 50 60 
Time after flash (ms) 
The effect of light adaptation on the response to a 
'delta'-flash 1n the fly photoreceptor. The adapting light 
depolarized the cell by 2 mv (LAl), 5 mv (LA2) . and 10 rnv 
(LA3). The response was averaged over 1000 repetitions at 
500 ms intervals. Following LA3 the background light was 
switched off and the response to a flash without background 
was obtained 15 minutes later (DA2) again averaged over 1000 
responses. DAl represents the response from the completely 
dark-adapted cell 30 min after the adapting light was 
switched off. It 1s identical to the response observed at 
the beginning of the experiment. 
Increasing flash intensities have been used for LAl to LA3 so 
as to compensate for the loss in gain and obtain similar 
response amplitudes 1n all three adaptation states. The 
relative intensities of the flashes used are DA1,DA2:0.55; 
LAl:0.46; LA2:0.59; LA3:0.81. The flash intensity for DAl 
and DA2 1s nearly identical to the one which produced LA2. 
The gain in this light-adapted state is reduced by 40% while 
the time course changes by nearly 60% compared with the 
dark-adapted receptor cell. 
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Figure 3-5 
Time-to-peak of the response to a 'delta'-flash in different 
states of light adaptation. The degree of light adaptation 
is indicated by the mean depolarization produced in the cell 
by the adapting light. 
Different symbols represent different cells. The filled 
circles were obtained from the data in Fig. 3-4 (same cell as 
Fig. 3-1, 3-2b and 3-3b). A curve has been fitted to these 
points by hand. 
The filled squares are data points measured 1n the same cell 
as those in Fig. 3-2a and 3-3a. 
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The relationship between the time-to-peak of the 
response and the mean depolarization produced by the 
background light was similar for all cells tested and some 
data points from other cells are also given in Fig. 3-5 for 
comparison. The intensity of the steady adapting light is 
-
specified in terms of the mean depolarization produced in the 
cell under investigation. This enables comparison of the 
present results with previous work in a very direct way 
provided that the response to a saturating flash of light is 
comparable. Very often, comparison via light intensities is 
meaningless because the information about the spectral 
distribution of the light used to stimulate the cell is not 
available. 
r 
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3.5 DISCUSSION 
3. 5 .1 Impulse-response functions f~om the dark-adapted 
receptor cell 
The limits of linearity of tne fly photoreceptor 
response have been extensively investigated (Zettler, 1969; 
Smola and Gemperlein, 1972; Leutscher-Hazelhoff, 1975; 
French, 1979). It is a standard systems approach to work in 
the linear or quasi-linear range since non-linearities tend 
to complicate the analysis of the data. It is thus of 
practical as well as theoretical importance to know the 
domain in which the system can be well approximated by a 
linear model. 
The peak amplitude of the response . increases 
linearly with intensity up to an amplitude of approximately 
10 mV. An amplitude of 10 mv corresponds to the absorption 
of 10 to 15 photons but this catch may vary from cell to cell 
by as much as 30%, as judged by the variability 
capture efficiency (see Chapter 2). 
. in quantum 
The linearity of response amplitude has been shown 
in previous work (e.g. Leutscher-Hazelhoff, 1975) but the 
results here demonstrate an additional feature which . is at 
first surprising and has not been reported previously. Even 
for very dim flashes of light the delay between the stimulus 
and the peak of the response shifts to lower values when the 
intensity of the flash is increased. This relationship 
between stimulus intensity and time-to-peak is shown in 
' I 
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Fig. 3-2. In Fig. 3-3 the time-to-peak is given as a 
function of response amplitude. A linear relationship seems 
to hold up to higher intensities if the response amplitude 
rather than the flash intensity is used as a parameter. This 
compensation of the non-linearities in response amplitude and 
time-to peak could just be fortuitous and may be of no 
functional significance. 
The fact that the time course varies with the number 
of photons contained in a flash demonstrates clearly that the 
transducer mechanism is altered by the nearly coincident 
absorption by one cell of as few as four photons (or possibly 
even less). Furthermore, the linear reduction of 
time-to-peak over a large range of flash intensities could, 
in the simplest case, mean that each photon affects the time 
course by an equal amount above a certain very low threshold. 
Recently, in Calliphora (at 10°C) Hamdorf and 
Kirschfeld (1980) found that reduction in latency must be due 
to double hits at either neighbouring or single microvilli. 
First changes in latency were observed by these workers when 
30 to 300 quanta are simultaneously absorbed per rhabdomere. 
This is a much higher figure than was found in the 
experiments reported here, . 1n which the simultaneous 
absorption of as few as four photons significantly reduces 
the latency. This quantitative difference could be partially 
explained by the temperature at which the respective 
experiments were done. At 10°C the diffusion rate is slower 
than at 25°C and thus double hits might have to be closer 
together to affect each other. The fact that Hamdorf and 
Kirschfeld look at the beginning of the response rather than 
--
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the time-to-peak should not affect the results. A change in 
time-to-peak is produced by a change in time scale of the 
whole impulse-response function and thus associated with a 
similar shift in latency (Payne and Howard, 1981). 
Thus, if Hamdorf and Kirschfeld's hypothesis that a 
decrease in latency is produced by a double hit is generally 
valid at all temperatures, the data presented in this chapter 
suggest that at higher temperatures (i.e. 25°C) a double hit 
within a mnch larger area will lead to a reduction of the 
latency. 
3. 5. 2 Light adaptation 
Considering the above findings (approx. 15 photons 
producing . a respo~se peaking 23 ms after the flash occurs, 
whilst one photon produces a response with a delay of 35 ms) 
one could have anticipated the effect of light adaptation: a 
dim background light producing a mean depolarization of the 
receptor cell of 2 mV reduces the time-to-peak of the 
response to a flash from 35 ms (without background) to 19 ms 
(Fig. 3-4). The also drops by approximately 30% (in 
Limulus such a change in time-to-peak is accompanied by a 
reduction of the gain by over 99%; Fuertes and Hodgkin, 
1964). A similar reduction in gain (40%, see Fig. 3-2) . lS 
observed in the dark-adapted state for a flash sufficiently 
intense to produce a response with a delay of 19 ms 
(time-to-peak). 
--88-
Most published work has been done by measuring the 
frequency response and the phase shift. It has already been 
mentioned in the section 3.2 that all authors report a change 
in gain at different light levels but that Zettler (1969) and 
French (1979) failed to detect a change 1n phase shift 
-
corresponding to the change 1n time course 1n this 
experiment. Comparing the data 1n Fig-. 3-5 and the mean 
light levels used 1n all previously reported experiments, it 
becomes evident that both Zettler and French used as their 
lowest intensity one which depolarizes the receptors by 8-10 
mV and 7 mV respectively. They thus started with cells which 
were , 1n terms of the criteria of change in time-to-peak, 
nearly completely light-adapted (see Fig. 3-5). It is 
therefore not surprising that no clear effect on the phase 
shift could be observed in their experiments. 
3 . 5.3 Non-linearity and light adaptation: a common 
mechanism? 
Is the same mechanism responsible for the effects 
observed with 'delta'-flashes in the dark-adapted cell, as 
well as those observed when a receptor cell is adapted to a 
constant light (as found in Limulus by Fuertes and Hodgkin, 
1964)? The results presented here are not sufficient to 
answer this question unequivocally, but a common mechanism 
appears to be an attractive possibility. The fact that the 
delay is a linear function of the flash intensity 1n the 
dark-adapted state is not in contradiction with the light 
adaptation data summarized in Fig. 3-5 : drawing a smooth 
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curve through the data points obtained from one cell one 
finds that the relationship between time-to-peak and mean 
depolarization is indeed approximately linear above 25 ms. 
These findings are thus consistent with the idea of a common 
mechanism. 
Such a common mechanism is built into the model of 
Fuortes and Hodgkin (1964) describing the response to light 
in Limulus. However, several reasons make it unlikely that 
. 
their model is also an adequate description of the insect 
transduction mechanism: firstly, the response recorded . in 
insect photoreceptors can only be fitted using many stages 
and even then only a very unsatisfactory fit is obtained 
(French, 1979; Payne and Howard, 1981); secondly, and most 
importantly, the time-to-peak in the Fuortes and Hodgkin 
model is rigidly linked to the gain, while the findings 
presented · in this paper show a decrease of the time-to-peak 
of as much as 30% without any significant change in gain 
(Fig. 3-2). The data from Limulus and the model described by 
Fuortes and Hodgkin (1964) show a reduction in gain of about 
50% for a change in time-to-peak of only 20% in the 
dark-adapted state using bright flashes. Furthermore the 
number of stages necessary for the best fit of the fly 
photoreceptor impulse-response functio~ is greater than the 
ten stages obtained in Limulus and thus the model predicts an 
even greater reduction in gain for a given shift in 
time-to-peak. This feature of having gain and time-to-peak 
linked is an intrinsic property of all subsequently developed 
autocatalytic models (e.g. Borsellino et al., 1965; Baylor 
and Hodgkin, 1974; Baylor et al., 1974a and b; Cervetto et 
al., 1977) which means that none of them will adequately 
-90-
describe our findings of a shift 1n time-to-peak without a 
change in gain. 
Recently, Payne and Howard (1981) proposed a two 
parameter equation describing the impulse-response function 
of insect photoreceptors. Although it is an accurate 
description of the impulse-response function of the 
dark-adapted and the light-adapted fly photoreceptor (Howard, 
Payne and Dubs, in preparation), it does not describe the 
non-linearity observed in the dark-adapted fly photoreceptor. 
One could argue that Hamdorf and Kirschfeld's 
explanation of prebumps (Hamdorf and Kirschfeld, 1980) 
together with the above-mentioned model (Payne and Howard, 
1981) might explain the change 1n time scale for strong 
flashes relative to the response to weak flashes. However, 
the prebumps are not only faster, but also reduced . . 1n size 
corresponding to a change in gain. Thus this idea is . 1n 
obvious contradiction with the data described here. To 
explain the data of the non-linearity and the light 
adaptation in terms of the model proposed by Payne and Howard 
(1981), one has to assume that the number of absorptions in a 
cell (or maybe some subunit of it) determines the time 
constant governing the release of transmitter, e.g. through 
activation of an ~nzyme, without markedly affecting the gain 
at low intensity. It is important to note that their model 
does not predict the change . . in gain, leaving it as an 
independent variable. It is clear that under these 
assumptions a flash of light can produce for a short time a 
concentration of activated enzyme molecules as high as the 
steady state concentration produced by a weak adapting light. 
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The Poisson distribution governing the number of 
absorptions from each flash of light is asymmetrical for very 
low mean rates. Because the changes already occur when an 
average of only four photons are absorbed in the cell any 
model must necessarily take into account the possible 
influence of this distribution on the shape of the averaged 
impulse-response function. Even the shape of the response to 
a single flash might be broadened if the adaptation effects 
are restricted to a small area of the cell. 
3.6 CONCLUSION 
Whatever the molecular mechanism involved in the 
production of bumps may be, the findings here show clearly 
that even at very low light intensities the system 1s 
non-linear. Even though the gain initially remains constant, 
the time course varies with response amplitude starting at 
the very lowest inte~sity (3-4 photons per flash absorbed and 
perhaps even less). This suggests the existence of two 
separate mechanisms responsible for gain and time course. 
Consistent with the above findings is the 
observation of drastic light adaptation effects (very 
pronounced in the shift of the time-to-peak) at background 
intensities which depolarize the receptor cell by only 1 mv. 
The time-to-peak under these conditions is the same as when a 
flash of 10-15 effective photons is absorbed by a 
dark-adapted cell and the overall time scale of the two 
responses is not significantly different. 
/ 
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In summary, because the fly is used in many 
experiments investigating 1S it . . vision aspects of all 
important to be aware of the fact that even a small number of 
photons is sufficient to produce a significantly non-linear 
response. 
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CHAPTER 4 
T H E S P A T I A L I N T E G R A T I O N 
0 F S I G N A L S I N T H E R E T I N A 
A N D L A M I N A O F T H E F L Y 
C O M P O U N D E Y E U N D E R D I F F E R E N T 
C O N D I T I O N S O F L U M I N A N C E 
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4.1 SUMMARY 
The receptive fields of receptor cells and one class of 
first order interneurons have been investigated using 
-
several methods. 
1. The spatial modulation transfer function (MTF) has been 
measured intracellularly from photoreceptors (Rl-6) and 
one class of first order interneurons (LMC's) in the flies 
Musca Lucilia sericata and Calliphora stygia 
( Rl-6: Figs. 4-2, 4-3 and 4-4; LMC's: Figs. 4-5, 4-6 
and 4-7). Moving sine wave gratings of 25 different 
spatial frequencies were used to stimulate the cells. 
2. The angular sensitivity function corresponding to each MTF 
was computed by taking the inverse Fourier transform. All 
cells have a higher sensitivity to light from wide angles 
than is expected of a Gaussian of the same half width 
( Fig. 4-4) . No significant changes in the angular 
sensitivity function of receptor cells are observed when 
the mean light intensity and the temporal frequency of the 
stimulus grating is varied within the limited range 
available. 
3. By comparison, the LMC's change their MTF significantly 
when the mean light intensity and the temporal frequency 
of the grating are altered (Figs. 4-6 and 4-7). The 
computed angular sensitivity function exhibits inhibitory 
flanks at high mean intensity and low temporal frequency, 
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which disappear at low mean intensity and high temporal 
frequency. 
4. The receptive fields of 
tested using sing le 
receptors and LMC's were 
bars of different widths. 
also 
The 
response to sinusoidal modulation of the bar's intensity 
was measured as a function of its width (Figs. 4-9 to 
4-12). The results 
obtained from the 
from receptors confirm 
MTF's (Figs. 4-9 and 
the fields 
4-10) . The 
responses of second order neurons were more distorted and 
decreased in amplitude when the width of the bar exceeded 
the purely excitatory field (approx. 3 degrees in Lucilia 
cuprina) (Figs. 4-11 and 4-12). With this technique, only 
small differences could be detected between inhibitory 
effects at different mean light intensities. 
The transfer function of the first synapse, while adding 
some distortions to the waveform, also rectifies some of 
the distortions due to the receptor MTF, namely the 
modulation asymmetry with respect to the response to the 
mean intensity (Figs. 4-10, 4-12 and 4-13). 
5. The impulse response functions of photoreceptors to a 
light source positioned on-axis and off-axis were measured 
(Figs. 4-14 and 4-16). A much slower response was 
obtained when the light source was stimulating mainly the 
neighbouring receptors, suggesting coupling between 
receptors of different optical axis. Identical 
experiments were also carried out in the LMC's (Figs. 4-15 
and 4-18). In the LMC's at very low stimulus intensity, 
the receptor coupling is reflected in a similar slower 
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response as observed in the receptors. With increasing 
stimulus intensity, lateral inhibition reduces the 
response to off-axis light (Fig. 4-15). 
6. Three point sources were used to determine whether 
inhibition the fly lamina . recurrent. It shown in is was 
that while one spot of 1 ight can inhibit the response 
invoked by another, a third spot of 1 ight does not 
decrease this inhibitory effect (Figs. 4-19 and 4-20) 
suggesting that inhibition is not recurrent. 
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4.2 INTRODUCTION 
Vertebrate and invertebrate visual systems 
exhibit a tremendous array of similarities among the 
neural mechanisms employed at an early stage of 
information processing. The linear relationship between 
the response of photoreceptors and the logarithm of the 
stimulus intensity, and the light adaptation mechanism 
observed in the first order interneurons are but two 
examples (see also Laughlin, 1976). Such comparative data 
allow one to identify neural principles of fundamental 
importance: if mechanisms in the lens eye of vertebrates 
and the compound eye of insects exhibit common properties, 
these are very likely to have evolved because of their 
unique and fundamental advantages to vision and visual 
. processing. 
Similar spatial interactions are known to occur 
at the level of the first and second order neurons in both 
the vertebrate and invertebrate eyes. The first type of 
interaction, spatial summation between photoreceptors, has 
been demonstrated in the vertebrate retina between rods 
(e.g. Schwartz, 1975a) and between cones and rods 
(Schwartz, 1975b), effectively increasing their receptive 
fields. 
In the compound eye of a dipteran fly each large 
monopolar cell (LMC) in the first optic ganglion receives 
input from six photoreceptors. However, these six 
receptor cells share a common optical axis (Kirschfeld, 
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1967) and thus, 1n the absence of any other neural 
interactions or imperfections 1n alignment (Pick, 1977) 
this arrangement yields an increased photon catch and thus 
an improved signal-to-noise ratio without deterioration of 
spatial acuity (Kirschfeld, 1967). 
system 
A further interaction in the peripheral visual 
of insects is the electric coupling between 
photoreceptors which share the same receptive field and 
are presynaptic to the same interneuron. In the fused 
rhabdom of the locust and the bee the coupling occurs 
between cells within one ommatidium (Shaw, 1967 and 
1969a,b; Menzel and Blakers, 1976). In the unfused 
rhabdom of dipterans the coupling takes place between 
receptor cell axons of the same neurommatidiQm at the 
level of the lamina (Shaw, 1981). The same arrangement 
was found in the vertebrate retina where many hundreds of 
coupled rods make synaptic contact with each bipolar cell 
(Ashmore and Falk, 1980b). 
What are the advantages in coupling receptor 
cells which are presynaptic to the same interneuron? The 
response averaging performed by the coupling of receptor 
cells duplicates the postsynaptic summation and does, at 
first sight, not represent any functional advantage. 
However, the coupling between receptor cells reduces the 
voltage range of fluctuations which are transmitted 
through the synapse, and smaller signals are less affected 
by the non-linear transfer properties of the synapse 
(Ribi, 1978). If there was no coupling, a single photon 
signal in a rod of the vertebrate retina might, due to the 
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high synaptic gain, already produce a saturating response 
in the postsynaptic cell (Ashmore and Falk, 1980b). 
would certainly be undesirable. 
This 
Further summation which might be of importance at 
very low _light intensity in increasing the signal-to-noise 
ratio can be obtained by spatial and temporal summation 
(Pirenne, 1967). Such summation inevitably reduces 
spatial and temporal acuity respectively (Pirenne, 1946; 
Dvorak and Snyder, 1978; Pick and Buchner, 1979). The 
existence of such a spatial summation mediated by coupling 
between receptors with diverging optical axes has been 
demonstrated in the dark-adapted photoreceptor when only a 
few photons per second are absorbed in each cell (Chapter 
2) • 
second spatial interaction found in The 
vertebrate and invertebrate preparations is lateral 
inhibition. Lateral inhibition reduces a cell's response 
to a light stimulus when the neighbouring cells are 
illuminated. This was first thoroughly investigated in 
the lateral eye of the horseshoe crab Limulus (e.g. 
Hartline and Ratliff, 1957; Hartline, 1968). A 
centre-antagonistic surround organisation has also been 
demonstrated in bipolar cells (Werblin and Dowling, 1969; 
Kaneko, 1973; Schwartz, 1974) and retinal ganglion cells 
(Kuffler, 1953) in the vertebrate retina. There 1.s 
evidence for a similar interaction occurring at the level 
of the first optic ganglion of the fly (Zettler and 
Jarvilehto, 1972; Arnett, 1972; Mimura, 1976) and of the 
dragonfly (Laughlin, 1974b). Nevertheless, several 
I . 
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aspects of lateral inhibition have not been investigated 
in the fly eye: for example, what is the shape of the 
inhibitory field of first order interneurons; what 1s the 
relationship between summation and inhibition; and is the 
receptive field of first order interneurons intensity 
dependent, as in vertebrate retinal ganglion cells 
(Barlow, Fitzhugh and Kuffler, 1957b)? 
The receptive fields of receptors and first order 
interneu:ons can be investigated using point sources of 
light, but it is often more effective to use extended 
stimuli which cover more of the receptive field at the 
same time, e.g. bars (Mimura, 1976) and annuli (Zettler 
and Weiler, 1976). Another way of doing this is to use 
moving gratings of different spatial frequency and 
determine the sensitivity of the cell to each grating, 
thus determining the spatial modulation transfer function 
(MTF). Tunstall and Horridge (1967) applied this method 
to the locust receptor cells and demonstrated a difference 
between the light- and dark-adapted contrast sensitivity · 
functions due to a change in the receptors acceptance 
angle. The spatial modulation transfer function is 
directly related to the receptive field profile, which can 
be computed from the MTF. The adaptation state can be 
varied easily by changing the mean intensity of the 
grating. This method of investigation has proved 
successful in the vertebrate preparation (e.g. 
Enroth-Cugell and Robson, 1966) and in the horseshoe crab 
Limulus (Brodie, Knight and Ratliff, 1978a,b), and was 
· used in this work to investigate the spatial integration 
of visual signals in the retina and the lamina of the fly. 
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4.3 METHODS 
Intracellular recordings were made from the left eye 
of female Musca domestica, Lucilia sericata and Calliphora 
stygia using the standard recording techniques developed by 
Hardie (1979). The flies were used one to three weeks after 
emergence. A small hole (3-5 facets in diameter) was cut . in 
the top of the compound eye to allow the penetration of the 
glass microelectrode. The position of the hole was chosen 
carefully so as to record from cells in the frontal part of 
the eye. 
4.3.1 Modulation transfer functions 
Stimulus: A CRT screen (Tektronix, P31 Phosphore) 
was used in conjunction with a laboratory computer (PDPll/03; 
Dvorak, Srinivasan and French, 1980) to produce sine wave 
gratings moving from left to right (vertical grating) to 
investigate the horizontal modulation transfer function, or 
bottom to top (horizontal grating) to investigate the 
vertical modulation transfer function. The stimulus screen 
was circular and when placed at 10 cm from the eye covered a 
solid angle of 0.66 sr (diameter of 53°) of the visual field 
of the fly. The contrast, spatial frequency and temporal 
frequency of the grating were controlled by the computer. 
The mean intensity of the grating was selected by interposing 
neutral density filters (Kodak Wratten gelatine filters) 
between the screen and the fly. The cell's response to a 
·--
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hundred or more periods was averaged by the computer. The 
averaged response to one period of the grating could then be 
displayed on another CRT for inspection. 
~erirnental procedure: After penetration of a 
cell, a moving bar displayed on the stimulus screen was used 
to locate the visual axis of the penetrated cell. The fly 
was rotated around its vertical axis until the visual axis of 
the impaled cell pointed towards the center of the screen. 
Once the electrode was in the eye, the preparation, could not 
be rotated around the vertical axis. Only cells with their 
visual axis not more than 6 degrees above or below the 
horizontal plane were used in the work presented in this 
chapter. This procedure keeps the relative error in temporal 
and spatial frequency of the grating as perceived by the 
impaled cell below 1%. 
The Modulation Transfer Function (MTF) was measured 
in the following way: a temporal frequency between 1.2 and 
12 Hz and a criteria~ response modulation were chosen at the 
start of the experiment. During the experiment the contrast 
necessary to produce the criterion peak-to-peak modulation is 
measured for 25 spatial frequencies according to the 
following protocol. The first spatial frequency was 
presented to the fly with a contrast of 0.5. Contrast is 
defined as (I -I . )/(I +I . ) where I and I . 
max min max min max min 
represent the maximum and minimum intensity respectively. 
After the response modulation had been determined a new 
contrast was calculated by the computer using the following 
linear interpolation: 
New contrast Old criterion modulation contrast. 
measured modulation 
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The response to this new contrast was measured and the 
procedure repeated until the predetermined criterion response 
modulation was reached to within an error band of 10 %. The 
contrast which produced the criterion response was then 
corrected 
measured 
by extrapolating 
modulation was 
linearly 
below or 
by the amount the 
above the criterion 
response. This linear extrapolation is justified because the 
modulation increases almost linearly with contrast in both 
receptors and LMC's (Fig. 4-1). The deviations from a linear 
relationship will have a negligible influence on a local 
extrapolation over such a small range. 
The next spatial frequency was then displayed with a 
contrast of 0.5 and so on. The sequence of spatial 
frequencies tested during an experiment was random so as to 
exclude possible biases in the results. In the standard 
automated ·experiment 25 spatial frequencies were tested. 
After every fifth frequency the reference grating of 0.0125 
cycles per degree was presented and the contrast which 
produced the criterion response determined. This control 
allows one to account for any drift in sensitivity which 
might have occurred, and to eliminate results from unstable 
cells. 
The contrast sensitivity, defined as the reciprocal 
of the contrast required for 
estimated for each spatial 
a criterion 
frequency. 
response, was 
All contrast 
sensitivity functions were then obtained by calculating the 
sensitivity to each spatial frequency relative to the two 
contrast sensitivities obtained with the reference grating 
(0.0125 cycles/degree) immediately before and after the 
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Figure 4-1 
Modulation (peak-to-peak) produced in a Rl-6 and an LMC 1n 
Musca domestica by a sine wave grating as a function of 
contrast. The different spatial 
used are indicated in the figure. 
experiment was 0.9 log units below 
intensity. 
and temporal frequencies 
The mean intensity in this 
the unattenuated screen 
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frequency in question. In all figures, the mean of these two 
contrast sensitivities is indicated together with an error 
bar whose extremities are the two contrast sensitivities, 
measured relative to the reference grating. No error bar has 
been drawn in the frequent cases where the symbol covers both 
data points. 
Stimulus intensity: The mean intensity is expressed 
relative to the unattenuated screen intensity. The absolute 
screen intensity was determined a IL700 
spectroradiometer (International 
using 
Light, Massachusetts, 
U.S.A.) calibrated at the factory to 5% tolerance. A silicon 
detector (SEE lOOF) was positioned at a distance of 10 cm 
from the screen where the fly's eye would normally be. At 
2 this distance the total energy per cm of the detector 
-6 -1 
surface was 1.7 x 10 W.sr • The spectral distribution was 
measured with the same instrument but connected to a 
photomultiplier (IL PM 270D) with a monochromator (IL 780). 
The light energy is distributed in a nearly Gaussian fashion 
around the peak wavelength of 530 nm with a width at half 
height of 75 nm. These measurements enable us to calculate 
the number of photons per steradian reaching the detector. 
12 -1 -1 This number is found to be 4.6 x 10 photons.s .sr for 
2 
each cm of detector surface. For an easier comparison it 
might be useful to indicate that this photon flux produces 
about the same response in a receptor cell Rl-6 of the fly 
compound eye as does a monochromatic light of 2.8 X 1012 
photons.s -1 -1 -2 of optimum wavelength (490 nm). Or, .sr .cm 
for a receptor with a Gaussian angular sensitivity function 
of half width ~P = 2.3° (Musca), a monochromatic (490 nm) 
point source must emit a flux of 5 x 109 photons.s-1 .cm-2 
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when measured at the same distance (10 cm), to produce a 
similar response of approximately 10 mv in a receptor cell 
whose saturating response amplitude is 50-60 mV (for more 
details, see Chapter 2). 
Fourier transform: To obtain the angular 
sensitivity function to a narrow bar of light from the 
spatial modulation transfer function, a smooth curve which is 
shown in each figure was drawn by hand through the data 
points of the MTF and digitized. The inverse Fourier 
transform of this function was computed using a standard Fast 
Fourier Transform algorithm. 
4.3.2 
Instead of a grating, a bar of variable width was 
displayed on the CRT screen. The intensity of the bar 
(horizontal or vertical position) was modulated sinusoidally 
around a mean value. The remaining screen had a constant 
intensity equal to the mean intensity of the bar. The 
relative modulation amplitude (contrast) and the width of the 
bar were controlled by the computer. To centre the stimulus 
bar in a unit's receptive field, a thin flickering bar 
(subtending half a degree) was moved back and forth under 
keyboard control until a maximum response was recorded. A 
standard experiment consisted of the presentation of five or 
six different widths (1, 2, 4, 8, 16 and 25 degrees) testing 
each width with five contrasts (0.1, 0.3, 0.5, 0.7 and 0.9). 
The unattenuated screen intensity was the same as for the MTF 
experiments described above. The mean intensity was altered 
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using neutral density filters. The temooral frequ e ncy was 
usually 3 Hz but 2 and 4 Hz were occasionally used . The 
responses to between 40 and 100 periods were averaged. The 
sampling frequency was chosen so as to measure the response 
64 times during each period. The mean, the maximum deviation 
from the mean and therms value of the response were then 
calculated for each response. 
4.3.3 Impulse response function 
The fly (Musca domestica, female) was prepared 1n 
the same way as for all other experiments. The stimuli were 
either two Light Emitting Diodes (LED's; Siemens LD57C) 
(centre to centre distance 3 degrees) or one central LED 
surrounded by 6 LED's (centre to centre distance 3 degrees at 
10 cm from the eye) in the same hexagonal configuration as 
the facets in the frontal region of the compound eye of the 
fly (Trujillo-Cen6z, 1972). The stimulus intensity and 
timing were controlled by the computer. To randomize 
possible changes in sensitivity, eye movements etc., the on-
and off-axis stimuli were presented alternately at intervals 
of 250 or 500 ms. The response of the cell was sampled 
during the full period of 500 (resp. 1000) ms at a sampling 
rate of 1000 Hz. Depending on the response amplitude, 100 -
2500 periods were averaged and stored on disk. 
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4.3.4 Step responses to two off-axis lights 
--- ------- ------- ------
Female Musca domestica were used this 
investigation. The stimulus consisted of one LED centred on 
to the optical axis of the lamina cell and two additional 
LED's arranged in a straight line at 6.6 degrees and 13.2 
degrees from the central LED. In some preliminary 
experiments, the distances between the LED's were half as 
much (3.3°), but in this case the response was mainly 
excitatory. The central LED was supplied with a constant 
voltage while the others were only turned on for 500 ms each 
during each 2 s period. The two off-centre LED's were turned 
on with a delay of 300 ms between them, the one closer to the 
centre being turned on first. While the light intensity of 
the on-axis stimuli varied in different experiments, the 
intensities of the off-axis LED's were always approximately 
equal to the maximum intensity of the on-axis light source. 
This was checked using a radiometer (IL700, International 
Light) and a vacuum photodiode (SElOO). 
4.4 
4. 4. 1 
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RESULTS 
Equivalence of the spatial modulation transfer 
function iMTFl and the angular sensitivity function 
Throughout this chapter, use will be made of the 
MTF's, which were measured, and the angular sensitivity 
functions computed from the MTF's. The equivalence, and the 
limitations, of the two sets of data will be discussed in 
this section before describing the results. 
Rather than measuring the modulation produced by 
different spatial frequencies at a given contrast, an MTF is 
determined by measuring the contrast necessary to produce an 
arbitrary criterion response in a cell as a function of the 
spatial frequency of the grating stimulus. An MTF can be 
measured using this procedure even if the response is a 
non-linear function of the stimulus. Because one looks at 
the system under conditions which produce identical 
responses, the effects of non-linearities will be 
automatically taken care of. In general, the MTF will not be 
independent of the amplitude of the criterion response. The 
modulation transfer function, expressed in the intensity 
rather than the voltage domain, is equivalent to the angular 
sensitivity function. The angular sensitivity function, i.e. 
the visual field underlying the MTF, can be computed by 
inverse Fourier transformation of the MTF. Because it is 
often conceptually easier to interpret the data in the space 
domain rather than in the frequency domain, all the figures 
illustrating MTF~s lFigs. 4-2 to i-8) show, ~n a s e cond g rap h 
I 
I 
_J 
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below the MTF, the corresponding angula~ sensitivity 
function. 
Using the peak-to-peak modulation as a measure of 
the strength of the response to a sine wave seems an obvious 
choice. However, when the response is not sinusoidal, but a 
distorted periodic function (Figs. 4-10 and 4-12), the 
standard deviation of the response from the mean might be a 
more relevant measure. Fortunately it was found that both 
measures, the peak-to-peak modulation and the standard 
deviation from the mean response, differ only by a constant 
factor. Thus, the choice of the measured parameter will not 
affect the modulation transfer function. 
One important question remains: how does the choice 
of the criterion response affect the resulting MTF? If the 
system was perfectly linear with respect to time, space and 
intensity, the MTF would be independent of the criterion 
response. However, in general, the responses of receptor 
cells (Leutscher-Ha?elhoff, 1975; Chapter 3 of this thesis) 
and LMC's (Laughlin, 1974b) are not linear (see also 
Figs. 4-10, 4-12 and 4-13). Nevertheless, the measured MTF 
is not greatly affected by the particular criterion response 
used, because in the experiments described here the influence 
of the non-linearity of the system has been minimized by 
choosing a low criterion modulation of approximately 1 mV. 
The extent to which the MTF 1s affected by the criterion 
modulation used for its determination has been checked. It 
was found that the changes due to a doubling of the criterion 
response are masked by the variations observed when an 
identical experiment was repeated. Thus the effect of the 
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criterion response on the results presented below may be 
neglected, because only small voltage modulations were 
studied. Small voltage modulations are physiologically the 
most important, because low contrasts are most frequently 
encountered in natural scenes (Laughlin, in press). 
A one dimensional Fourier transformation of the MTF 
for a grating yields the angular sensitivity function for a 
line of light which is shown in each figure below the 
measured MTF. In the case of · the photoreceptors, this 
function will only differ by a constant factor from the 
angular sensitivity function for a point source. However, in 
the case of an inhibitory surround (LMC), the sensitivity to 
a point source is different from that to a line source: the 
relative amplitude of the inhibition is found to be a 
function of the ratio of the widths of the excitatory and 
inhibitory field (Enroth-Cugell and Robson, 1966). 
4 . 4.2 Photorecept6rs 
The angular sensitivity functions of insect 
photoreceptors obtained through measurements using a point 
source were sometimes fitted with a circular Gaussian (Getz, 
1964) principally because this function not only fits the 
results rather well, but is also convenient for modelling the 
visual system. For example, the Fourier transform of a 
circular Gaussian is again a circular Gaussian. Since the 
MTF is the Fourier transform of the angular sensitivity, the 
MTF for a Gaussian angular sensitivity function is a Gaussian 
and can be calculated analytically (Gatz, 1964). Four 
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Gaussian angular sensitivity functions of different widths at 
half height ( 6p) are shown in Fig. 4-2a (bottom) together 
with their Fourier transform (Fig. 4-2a, top) which represent 
the corresponding MTF's. In the same figure, the measured 
MTF and the computed angular sensitivity (inverse Fourier 
transform of MTF) from the three species of flies under 
investigation is also shown (Figs. 4-2b to 4-2d). A total of 
29 complete MTF's have been determined for photoreceptor 
cells: 12 in Musca, 11 in Lucilia and 6 in Calliphora. 
Let us first look at the common features apparent in 
the receptive fields of all receptors before mentioning the 
quantitative differences which exist between the three 
species studied. Note that some appreciable variation was 
observed between photoreceptors . in any one fly. To 
illustrate this point, the horizontal MTF (vertical grating 
moving horizontally) and the vertical MTF (horizontal grating 
moving vertically) recorded from three different receptor 
cells in Musca domestica are represented in Fig. 4-3. All 
cells were in the frontal region of the eye, where 6p is 
approximately constant (Hardie, 1979). Despite these 
variations, none of the angular sensitivity functions in 
Fig. 4-3 are very different from the averaged function 
(Fig. 4-4). The small peaks observed in individual MTF's are 
averaged out, but this seems to 
sensitivity very little. 
affect the angular 
Comparing the averaged angular sensitivity function 
with a Gaussian (Fig. 4-4; -·-· - · ) of identical width at 
half height, i.e. 2.1°, one can see that the two functions 
are very similar down to a sensitivity of 0.3. Below this 
Figure 4-2 
MTF's and corresponding angular sensitivity functions of 
photoreceptors Rl-6 in the three species studied in this 
chapter (b,c and d). For each cell the data obtained with 
the unattenuated screen for the horizontal direction 
( • ; ) and vertical direction ( O; - - - - ) is shown. 
The first set of curves (a) are theoretical Gaussians and 
were computed using the following formulae: 
2 
l . . . . ( -3.56 (\)6p) Re at1ve contrast sens1t1v1ty \)) = e 
Relative sensitivity (¢) = e-2.77(¢/tp)
2 
(Gotz; 1964, 1965). Further description in text. 
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Figure 4-3 
MTF (upper) and corresponding angular sensitivity functions 
(lower graph) for three different photoreceptors (marked 1, 2 
and 3) 1n Musca domestica tested with vertical and horizontal 
gratings 
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value, the sensitivity computed from the measured MTF's is 
higher than expected for a Gaussian, and a small sensitivity 
of approximately 0.02 persists at very wide angles. 
The relatively high sensitivity to off-axis light 
corresponds to the pronounced increase in contrast 
sensitivity measured at the lowest spatial frequency (0.0125 
cycles/degree) in the MTF (Fig. 4-4, top}, because if this 
single value is removed, the long tail of angular sensitivity 
disappears (Fig. 4-4, bottom). As its existence depends upon 
just one data point, one suspects that the tail might result 
from an error of measurement. The equipment did not allow 
the measurements of additional, intermediate spatial 
frequencies, but this lowest spatial frequency is the 
reference grating which was measured six times during each 
experiment. Thus it is the most reliable data point of every 
MTF. An error may also be excluded on the basis of the 
consistency of all results (Figs. 4-3 and 4-4). 
Is this hig~ contrast sensitivity at the lowest 
spatial frequency tested due to the fact that only one cycle 
is displayed on the screen? The stimulus size is much larger 
than the receptive fields (53° compared to less than 20° in 
diameter) and the visual axis of the cells was always centred 
on the screen, thus rendering this explanation improbable. 
Nonetheless, the influence of the stimulus field size on the 
MTF was investigated using different size diaphragms. If the 
increased sensitivity at the lowest spatial frequency were 
due to the size of the stimulus, then the relative 
sensitivity to intermediate frequencies should increase when 
the stimulus field 1s reduced. No such increase at 
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Figure 4-4 
Averaged 
domestica 
function. 
exhibiting 
MTF 
.£ 
-~ 
-
V') 
0 
'-
c 
0 
u 
Q) 
-~ 
0 
Q) 
~ 
.£ 
-~ 
-V') 
C 
Q) 
V') 
Q) 
-~ 
_Q 
Q) 
~ 
of 
-116-
i\ 
1.0 "'"\ii\:-a,' 
D\. ·, 
,, ' 
0 \ ' · 
'6. ' · ,, ' 
• °' \ 
-..~ \\ \ 
' D,d' \ . ..., \ 
•. ob, \ 
. . 0 .5 , 0 , \ 
•a D \ 
.. ' \ 'a, b ~ ·, . 
• .... 0 ' 
" "''· • , . D~ 
' • :o- o 
'--~-:---......0 
~.'-o 
...... :::::. 
---
0 0.1 0.2 0.3 0.4 0.5 
Spatial frequency (cycles / degree) 
0.8 
0.4 
0.2 
6 
10 
Angle (degrees) 
receptor cells (12 
together with the corresponding 
The filled squares ( . ) are 
a strong increase in contrast 
0.6 
15 
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the original data 
sensitivity at the 
lowest spatial frequency tested. The open squares represent 
the same data renormalized after having removed the data 
point at the lowest spatial frequency. The increase in 
sensitivity to this lowest spatial frequency which 
corresponds to a very long tail in the angular sensitivity 
(compare• and o) might be due to scattered light. The 
dashed curve is identical to the solid line marked with an 
open square but the oscillations have been eliminated. The 
fourth curve (- · - · -·) corresponds to a Gaussian with a 
width of 2.1 degrees at half height. 
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intermediate frequencies was observed, suggesting that the 
high contrast sensitivity at the lowest spatial frequency 
(0.0125 cycles/degree) is not due to the fact that one cycle 
fills the stimulus screen. 
Even if the data from the lowest frequency (0.0125 
cycles/degree) is disregarded, one is still left with a 
broader angular sensitivity function than a Gaussian which 
shows some additional oscillations superimposed on it. The 
corresponding MTF ( o , Fig. 4-4) is also significantly 
different from a Gaussian (-· -·-·-). Which features of the 
MTF are responsible for the oscillations in the angular 
sensitivity function? Are they due to the particular curve 
drawn by hand through the data points and thus representing 
an artefact induced by the interpolation? The angular 
sensitivity function with the oscillations removed(----, 
Fig. 4-4, bottom) was Fourier transformed. The corresponding 
MTF (----, Fig. 4-4, top) does not fit the data ( o) in a 
satisfactory manner. This suggests that the oscillations, 
whose strength and period varies from cell to cell, are not · 
an artefact. The period of these oscillations is comparable 
to the interommatidial angle (Pick, 1977), which suggests a 
possible input from neighbouring cells. However, plotting 
the angular sensitivity functions obtained from MTF's of the 
three different species as a function of the corresponding 
interommatidial angle did not reveal a correlation between 
receptor spacings and the periods of these oscillations. 
Since the Fourier transform used here is based on the 
assumption that the fields are symmetrical with respect to a 
vertical and horizontal axis, these oscillations could be the 
result of some asymmetry in the visual fields of the receptor 
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cells. This situation 1s not unlikely (Beersma, 1979; 
Mimura, 1980), but could not be investigated using these data 
since only the amplitudes and not the relative phases of the 
responses were measured. 
In Fig. 4-4, MTF's obtained with horizontal as well 
as vertical gratings have been pooled together. Only small 
directional differences 1n the individual MTF's could be 
detected (Fig. 4-2:-•~~~~ and Fig. 4-3a for horizontal 
MTF's; Fig. 4-2:-0--- c:lnd Fig. 4-3b for vertical MTF's). 
The general finding is that the vertical angular sensitivity 
functions are often slightly narrower, a small difference 
which has been described by other authors (e.g. Tunstall and 
Horridge, 1~67; Laughlin, 1974b). 
Some experiments were carried out to test whether 
the MTF changes as a function of the mean luminance of the 
stimulus and the temporal frequency. No such changes were 
observed for the range of int~nsities (limited to 2 log units 
because of the signal-to-noise ratio and low maximum 
intensity of the screen) and temporal frequencies (1.2 Hz -
12 Hz) available. 
Two significant quantitative differences between 
species were found. Firstly, the very high contrast 
sensitivity measured in Musca at the lowest spatial frequency 
tested (Figs. 4-2b, 4-3 and 4-4) is less prominent in 
Calliphora (Fig. 4-2d) and becomes insignificant in Lucilia 
(Fig. 4-2c). No explanation for this fact can be offered on 
the basis of the data presented here. The second, more 
important, difference relates to the high frequency roll-off 
or, in the spatial domain, to the width of the angular 
........... 
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sensitivity function. It is well known f rom published 
measurements (in the dark-adapted state) of the angul a r 
sensitivity of these three species that Musca has t h e 
broadest field of view (6p = 2.3°, Hardie, 1979) followed by 
Callipho_£a with a slightly narrower acceptance angle ( 6p = 
1.6°, Hardie, 1979). Measurements using a point source 
yielded a value of 1.5 degrees for 6p in the frontal region 
of the eye of Lucilia. The MTF's and their corresponding 
angular sensitivity functions confirm these findings exactly 
if the width at half height is used as the parameter for 
. 
comparison. 
In this first section, the angular sensitivity 
functions of photoreceptors have been deduced from their 
responses to sinusoidal gratings of different spatial 
frequency. The response of the photoreceptor is of course 
the input to the LMC's and thus the study of the MTF in the 
receptors is a prerequisite for the study of the LMC's. By 
comparing both transfer functions, we can assess the spatial 
interactions ~ occurring in the lamina and the role played · by · 
LMC's in encoding spatial information. 
4.4.3 
To measure the receptive field of the first order 
interneurons, the traditional method using a point source is 
not convenient because it has been shown that inhibitory 
action occurs between neighbouring cells in the LMC's of the 
fly (Zettler and Jarvilehto, 1972; Mimura, 1976) and the 
response versus intensity function is not spatially invariant 
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(Laughlin, 1974b). In these earlier studies, the existence 
of inhibition was established using point sources or an 
extended source and a point source. A description of the 
visual field of a cell with inhibitory input can be easily 
obtained by determining its spatial MTF (in Limulus: Brodie, 
Knight and Ratliff, 1978a,b; 1n the cat: Enroth-Cugell and 
Robson, 1966). In this work, 24 LMC MTF's have been 
measured: 11 in Musca, 9 in Lucilia and 4 1n Calliphora. 
A typical example of the MTF of a large monopolar 
cell is given in Fig. 4-5. Again the corresponding angular 
sensitivity is also shown. As in retinal ganglion cells and 
the fly movement detector, a very prominent low frequency 
roll-off of the MTF (Fig. 4-5, top) corresponds to the wide 
inhibitory flanks in the receptive field profile (Fig. 4-5, 
bottom) (Euroth-Cugell and Robson, 1966; Srinivasan and 
Dvorak, 1980). 
photoreceptor's 
Oscillations, as described . 1n the 
angular sensitivity function, are 
superimposed upon the inhibitory flanks. These oscillations 
are measured in most of the angular sensitivities recorded in 
LMC's during this investigation. As in the receptor cells, 
the period of the oscillations 1s variable and does not 
correspond to a constant number of interommatidial angles. 
In Fig. 4-5, the smoothed angular sensitivity function 
(dashed line) was Fourier transformed. The corresponding MTF 
does not fit the data as well as the original curve, 
suggesting that as 1n the photoreceptors (Fig. 4-4), the 
oscillations in the angular sensitivity are not an artefact 
introduced by the interpolation. 
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Figure 4-5 
Typical MTF of a large monopolar cell in Musca domestica. A 
clear decrease in 
frequencies can be 
contrast sensitivity for 
seen. Again a line is drawn 
low spatial 
through all 
the data points and its inverse Fourier transform is shown 
below. The inhibitory surround extends from 4 to 15 degrees. 
This data was obtained at 1.2 Hz temporal frequency and with 
an unattenuated stimulus intensity. The angular sensitivity 
without the oscillations (bottom figure:- -- - ) has been 
digitized and the corresponding MTF is also represented 
figure:----). 
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The most interesting finding is that the lateral 
inhibition varies in strength with both the mean intensity 
and the temporal frequency of the stimulus. This is 
demonstrated in all species by the decrease in the low 
spatial frequency roll-off of the MTF (Fig. 4-6) at high 
temporal frequencies or low light intensities. The decrease 
in the low frequency roll-off corresponds to a decline in 
lateral inhibition. Unfortunately, the range of temporal 
frequencies available was limited both by the speed of the 
computer (highest frequency 12 Hz) and by the time it took to 
measure one MTF (at the lowest frequency used, 1.2 Hz, 
measurement takes over an hour). Thus the effect of the 
temporal frequency on the strength of inhibition could not be 
explored completely. The intensity range available was only 
about two log units and the highest mean intensity produced a 
depolarization of only 10 mV in a photoreceptor, severely 
restricting the investigation of the intensity dependent 
changes in receptive fields. 
Sometimes the LMC's inhibitory field is slightly · 
wider and deeper in the horizontal direction than in the 
vertical (Fig. 4-7b). The difference is readily apparent . in 
the MTF, but corresponds to a very small difference in the 
angular sensitivity function. Nevertheless, it is 
interesting to observe that the extracellular field potential 
in the first optic neuropil also shows a similar asymmetry 
between horizontal and vertical direction (Fig. 4-8). This 
observation supports the mechanism proposed by Laughlin 
(1974b) and Shaw (1975), where the inhibition is produced by 
the extracellular field potential. This idea will be further 
developed in section 4.5.3. 
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MTF and related changes in the angular sensitivity function 
for an LMC 1n Musca with the temporal frequency and mean 
intensity altered (2.4 Hz on the left, 12 Hz on the right). 
For each temporal frequency the MTF to vertically moving 
gratings has been measured at the unfiltered screen intensity 
( •) and 1.8 log units below this intensity ( O). The MTF 
for horizontally moving gratings has also been measured at 
the highest intensity ( ~, -- - -) . Note that the strength 
of the inhibition is greatly reduced at the 
frequency and with the low intensity 
high temporal 
grating. This 
particular cell had its optical axis 11 
horizontal plane (all other cells used 
degrees above the 
1n this chapter had 
their optical axes closer than 6 degrees to the horizontal 
plane). 
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The profile of the inhibitory field, the dynamics of 
inhibition and the lower intensity limit at which inhibition 
is found, varies from species to species. Some typical 
results are illustrated in Figs. 4-6 and 4-7. At the highest 
intensity, the strength of the inhibition observed in Lucilia 
(and similarly in Calliphora) over the whole range of 
temporal frequency (1.2 - 12 Hz) 1s constant (Fig. 4-7a). 
Th i s d i ff e r s from Musca (Fig. 4-6) where the inhibition 
decreases at the highest temporal frequency. 
The different time constants of the inhibitory 
process 1n Lucilia and Musca was not reflected in a similar 
difference when the extracellular potential was tested. Only 
one fly of each species was used in this experiment. On the 
grounds of the variability of the extracellular potential, we 
feel that this finding cannot be taken as evidence against 
the field potential hypothesis mentioned above. 
extensive study would be required. 
A more 
Not only th~ temporal frequency above which the 
inhibition 1s greatly reduced, but also the intensity below 
which the inhibition decreases 1s different in the three 
species tested. For example, the limited data available 
suggest that Lucilia's inhibitory field becomes wider at 
intensities less than one log unit below the highest 
intensity of the screen (Srinivasan, Laughlin and Dubs, . 1n 
preparation). In that range of intensities, the inhibition 
in the other two species is practically identical to that 
observed at the highest intensity of the grating. Note, 
however, that even the highest mean intensity of the screen 
stimulus only produces a depolarization of approximately 
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10 mV in the photoreceptor, i.e. less than 20% of the 
maximum response. In comparison, a much brighter light 
(producing over 75% of the maximum depolarization) was used 
by Laughlin and Hardie to light-adapt the receptors and LMC's 
(Laughlin and Hardie, 1978; Hardie, 1979). 
4.4.4 Spatial integration as demonstrated in the 
area-threshold experiment 
An independent demonstration of inhibition in LMC's 
was sought using a bar of light as the stimulus. The 
contrast required to obtain a criterion 
receptors and LMC's was determined when 
various widths were presented whose intensity 
sinusoidally in time (Srinivasan and 
response from 
single bars of 
was modulated 
Dvorak, 1980). 
Particular care was taken to produce a perfectly sinusoidal 
input. The stimulus was adjusted until the response of a 
photodiode, whose ~inearity with intensity had been 
established, was sinusoidal in time when exposed to the 
stimulus. Thus any deviation of the response from a sine 
wave can be attributed to the non-linearities in the response 
mechanisms. 
The responses of 9 receptor cells and 4 LMC's were 
investigated under various conditions of mean light intensity 
and temporal frequency. A total of 70 complete measurements 
testing five contrasts for each of five different widths of 
the stimulus bar were analysed. Two such sets of data are 
shown in Figs. 4-10 and 4-12. All results show the following 
characteristics. The receptor response increases with 
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Photoreceptor response modulation (peak-to-peak) 1n Lucilia 
cupr1na as a function of contrast for stimuli of different 
size. Vertical bars of different widths (1°, 2°, 4°, 8°, 
16°) whose intensity was modulated sinusoidally in time were 
used. In the inset, the corresponding contrast sensitivity 
curve 1s shown (criterion response used is indicated by a 
dashed horizontal line). 
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Figure 4-10 
Photoreceptor responses (Lucilia cuprina) produced by bars of 
sinusoidally modulated intensity. The temporal frequency was 
1.5 Hz. For each width (indicated in degrees at the left of 
each family of curves), five different contrasts (0.1, 0.3, 
0.5, 0.7, 0.9) were tested. Each curve is the average of 50 
responses. The same data were also used in Figure 4-9. 
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increasing bar width (Fig. 4-9). The modulation in the LMC's 
increases with the width of the bar initially but for very 
broad stimuli, which extend over all or part of the 
inhibitory field, a smaller modulation is produced 
( Fig. 4-11) . Thus the experiments performed with bars 
confirm the existence of a lateral inhibitory field with a 
diameter of at least 16°. 
Since the whole waveform has been averaged for each 
experiment, one can also observe the effects of the 
non-linearity in the receptor and LMC transfer functions 
(Figs. 4-10 and 4-12). Even though the peak-to-peak 
amplitude increases linearly with contrast (Figs. 4-1, 4-9 
and 4-11), the response from receptors and LMC's to a 
sinusoidal input is not a sine wave (Fig. 4-13). In the 
photoreceptors, the response to the mean intensity is closer 
to the peak response than to the . . minimum response of the 
waveform, reflecting the reduction in gain with increasing 
intensity (Leutscher-Hazelhoff, 1975). The LMC responses are 
a combination of excitation and inhibition. The 
contributions of the excitatory centre and the inhibitory 
surround cannot be separated in this experiment: a bar of 
light centred onto a receptive field will always cover some 
of the antagonistic surround. For this particular 
configuration, the response to a sine wave is again centred 
around the response to the mean intensity, thus rectifying 
some of the · non-linearity of the receptor response 
( Fig. 4-13) . However, the LMC response waveform as a whole 
is far from a perfect sine wave, as is readily apparent from 
Fig. 4-13. 
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Figure 4-11 
Peak-to-peak modulation in an LMC (Lucilia cuprina) measured 
in an experiment identical to the one described in 
Figure 4-9. The maJor difference 
(Fig. 4-9) and the LMC (this figure) 
between receptor cells 
is a decline in response 
in the LMC when the stimulus size exceeds 3 to 4 degrees. 
This is best seen in the inset, where the contrast 
sensitivity is plotted as a function of the bar width {note 
logarithmic scale). The criterion response used is shown by 
a horizontal dashed line. 
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Figure 4-12 
LMC responses (Lucilia cuprina) produced by bars of 
sinusoidally modulated intensity. The temporal frequency was 
2.5 Hz. The width of the bar is indicated in degrees at the 
left of each group of curves. The five responses in each 
group were obtained using five different contrasts (0.1, 0.3, 
0.5, 0.7, 0.9). Each curve is the average of response to 40 
periods. 
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Figure 4-13 
Averaged 
(bottom) 
contrast 
response waveforms from a receptor (top) and an LMC 
to a sinusoidally modulated bar of light (16° wide; 
0.9) together with a theoretical sine wave of equal 
amplitude. 
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The area-threshold experiments were done only with 
Lucilia whose inhibitory field was shown to be indepe ndant of 
the temporal frequency used (Fig. 4-7a). When measured with 
gratings, the inhibitory field widens at lower light 
intensities. When investigating the inhibitory field at 
different intensities (range of 2 log units) with the 
modulated bars, no significant change in the inhibitory field 
was found. The restricted number of test points (only 5 
widths were normally tested) is thought to be the reason that 
only very small changes were observed under the different 
conditions. 
4.4.5 Spatial integration observed when measuring the 
--=--- -------- --- -------
temporal impulse response to on- and off-axis point 
sources 
If one assumes that there is no interaction between 
receptor cells and one uses weak stimuli so as to stay within . 
the linear range of the cell, then the impulse response 
function to a light source off-axis should be identical to 
the response to a dimmer light centred on the axis of the 
cell. Recordings of single photon absorptions ('bumps') 
revealed a different population of bumps with a slower time 
course and lower amplitude when the light was moved a few 
degrees away from the optical axis of the cell (Chapter 2). 
This was interpreted as the effect of lateral summation 
between receptor cells. One immediate prediction from this 
discovery is a broader impulse response function for off-axis 
stimulation, thus reflecting the difference in shape of the 
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off-axis bumps. In an attempt to test this prediction and 
further study the interplay between summation and lateral 
inhibition at different intensities, the responses to on- and 
off-axis flashes were measured in Musca domestica. 7 
receptor cells providing a total of 57 averaged responses to 
different light intensities and stimulus configurations and 9 
lamina cells giving a total of 68 averaged responses, each 
containing an on-axis and an off-axis impulse response, were 
analysed. The photoreceptor response to on-axis (first 
response, flash at time 0) and off-axis (second response, 
flash at time 250 ms) stimuli are shown in the inset of 
Fig . 4-14. The two stimuli were adjusted so as to produce 
approximately the same response. If the two responses are 
superimposed and normalized as in Fig. 4-14 (main graph), a 
marked difference between the two responses becomes apparent. 
The off-axis flash produces a broader response whose half 
width is about 50% greater than for on-axis light, confirming 
the results obtained at low light intensities. 
This experiment gives additional evidence for the 
existence of coupling between receptors. However, to produce 
a similar response with the on- and off-axis stimulus, the 
off-axis stimulus had to be of much higher intensity, 
producing a response of approximately 20 mV when centred on 
to a receptor cell. It has been shown that the time course 
of the fly's receptor response to a brief flash of light is 
critically dependent on the amplitude of the response 
(Chapter 3). Thus, it is impossible to predict exactly the 
responses produced by the off-axis light in neighbouring 
cells, and therefore the temporal characteristics of the 
coupling cannot be estimated when flashes of different 
........... 
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photoreceptor (Musca 
responses to on-axis 
light ( C) and off-axis light ( s ) are super imposed. The 
off-axis response is broader by about 50% at half height. 
The original record (not normalized) is shown in the inset. 
The off-axis light was increased until similar response 
amplitudes (approximately 3.8 mV) were produced by both the 
LED centred on to the optical axis of the cell (C) and the 
LED placed at 3 degrees from the optical axis (S). The 
intensity on-axis was approximately 7% of the intensity 
needed off-axis. Average of 100 presentations. 
-137-
s C 
s 
10 mV 
C 
0 200 .400 600 800 1000 
Time (ms) 
Figure 4-15 
Impulse response functions 1n a large monopolar cell (Musca 
domestica) stimulated by the same on- and off-axis LED's (C 
and S respectively) as used in the experiment illustrated 1n 
Fig. 4-13. The bottom trace was obtained with the same 
intensities as were necessary to produce similar response 
amplitudes to on- and off-axis light 1n the six 
photoreceptors feeding into the impaled LMC. For the top 
trace, the off-axis light intensity remained unchanged while 
the on-axis intensity was reduced by a factor of 
approximately one log unit. 
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intensity are used on- and off-axis. 
To characterise the relationship between the direct 
response and the coupled response, reflecting the photon 
absorption in some neighbouring cells, the following 
experiment was performed. The stimulus was an annulus of 6 
LED's arranged around a central LED (see section 4.3.3). The 
impulse response function to very dim flashes of light 
on-axis, producing one bump every 2-3 flashes, was compared 
with the impulse response function obtained using the same 
intensity presented simultaneously at the six off-axis LED's. 
Because only single bumps were produced in the individual 
cells stimulated by the LED's, the time course of the 
response was the same in each cell. Naturally the response 
was very small, and only by averaging 2500 responses could a 
good signal-to-noise ratio be obtained (Fig. 4-16). 
Once again the off-axis responses have a longer time 
course than those obtained on~axis. In addition, because the 
flashes were so dim as to only ever produce single photon 
absorptions, these data directly reveal the properties of the 
temporal filter between the direct and coupled response. The 
difference in time-to-peak 1s greater than 10 ms (see 
Fig. 4-16, where delay is 12 ms), and because this difference 
is large relative to the spread of the two impulse response 
functions (i.e. the two impulse response functions overlap 
relatively little), one can be certain that the contribution 
of direct light to the response observed with the off-axis 
annulus light source is only small. 
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For a direct and purely resistive coupling between 
two neighbouring cells (e.g. through gap junctions or 
artefactual coupling introduced by the electrode) the 
filtering is expected to be like a simple RC-filter whose 
time constant is a function of the coupling resistance and of 
the membrane resistance and capacitance of the cell. Any 
other coupling (e.g. through axons and chemical synapses) 
would probably show a more complicated behaviour. By Fourier 
transforming the impulse response functions to on- and 
off-axis light (in Fig. 4-16, left graph) the corresponding 
power spectra and phase shifts were obtained (not shown). 
The properties of the temporal filter which transforms one 
impulse response function into the other is given by the 
ratio of the power and the difference in phase shift at each 
frequency. The data obtained by applying this procedure to 
the on- and off-axis impulse response functions is 
illustrated in Figure 4-17 (squares). The solid lines in 
this same figure represent the equivalent data for a simple 
RC-filter with a time constant of 110 ms, which fits the data 
(squares) satisfactorily, thus suggesting that the coupling 
is purely resistive. The time constant for a purely 
resistive pathway between two cells is given by the equation: 
T 1· couping ( 
, R ) coupling • R 
R + R cell 
coupling cell 
• C 
cell 
where R 1 . and Rcell are the resistance of the coupling couping 
pathway and the membrane resistance of the cell respectively, 
and C is the cell's capacitance. 
cell 
The product of R 
cell 
and Ccell represents the cell's time constant. Because the 
resistances cannot be negative, the expression in brackets 
0 
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Impulse response functions of a photoreceptor (Musca 
domestica) to on- and off-axis light. The flashes occur at 
time 0. The off-axis light was provided by an annulus of 6 
LED's spaced at 3 °: A mask reduced the diameter of each LED · 
to 1.5°. All LED's were driven by the same voltage thus 
producing similar intensities. The on-axis flash produced a 
bump every 2 to 3 flashes. These dim flashes produce the 
responses on the left (C is the response to the centre LED, S 
is the response to the 6 LED's surrounding the optical axis 
of the cell). The normalized responses are shown on the main 
graph. Time-to-peak: centre 40 ms, surround 52 ms. The 
inset shows the original record with the flashes occurring at 
time O and 250 ms (for off- and on-axis light respectively). 
The impulse response functions on the right were obtained 
from the same cell with ten times brighter flashes. The 
response to 500 flashes was averaged. 
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Bode plot of the temporal frequency characteristics of the 
coupling. The on- and off-axis impulse response functions in 
Fig. 4-16 (left graph) were Fourier transformed and the power 
spectrum and phase shift for each of them computed. The 
power spectrum and phase shift of the coupling mechanism 
(filled squares) represent the ratio of the two power spectra 
and the difference in the two phase shifts respectively. The 
solid line 1s the Bode plot for a simple RC-filter with a 
time constant of 110 ms. 
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never exceeds unity and thus the resulting time constant for 
the coupling through a resistive pathway will always be 
smaller than the cell's time constant. However the time 
constant of fly receptor cells i -s less than 20 ms (Muijser, 
1979) even in the dark-adapted state. Therefore, the 
coupling behaves like a RC-filter w_ith a time constant of 110 
ms , but such a long time constant indicates that the 
filtering is not solely due to a low resistance pathway 
associated with the cell's resistance and conductance 
properties . A more stringent test for a RC-filter is the 
phase shift, which should approach 90 degrees asymptotically. 
Unfortunately, the present data are too noisy to calculate 
the phase shift for frequencies above 40 Hz; the data were 
also judged insufficient for further modelling using the 
cable theory (e.g. Rall, 1959). 
Responses from LMC's were obtained under identical 
stimulus conditions to those described for the receptor cells 
above. When on- and off-axis stimuli were used which 
produced responses of identical amplitude in the six · 
receptors presynaptic to the LMC, the LMC response to 
off-axis light was much smaller (Fig. 4-15). This confirms 
the existence of lateral inhibition - and suggests that 
inhibition is effective in the dark-adapted state provided 
that bright flashes are used. 
In the experiment with very dim flashes of equal 
intensity (Fig. 4-18), the ratio between the response 
amplitudes to on- and off-axis light is comparable with that 
obtained from the receptor cells using the same stimulus 
(Fig. 4-16). This represents evidence that the inhibitory 
0 
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Figure 4-18 
Impulse response functions of a large monopolar cell (Musca 
domestica) to on- and off-axis light (C and S respectively). 
The same stimulus arrangement and the same flash intensities 
were used as in Fig. 4-16 (receptor). 1000 responses were 
averaged for the low intensity experiment on the left. The 
response to 100 brighter flashes (10 times higher intensity) 
is shown on the right hand graph. 
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effects of the surround are n egligible in the dark-ad ap ted 
state when very weak stimuli are used (Fig. 4-18), but 
increase as the stimuli become stronger (Fig. 4-15). 
4. 4. 6 Is lateral inhibition 1n the fly lamina recurrent? 
An answer to this question might help eliminate some 
of the possible pathways through which lateral inhibition 
might be mediated. For example, if the extracellular field 
potentials are involved in the inhibition (Shaw, 1975) one 
would expect it to be non-recurrent. A very simple procedure 
using a steady light on-axis (C in Figs. 4-19 and 4-20), to 
produce a steady response, and two off-axis lights (Sl and S2 
1n Fig. 4-19; S2 and S3 in Fig. 4-20) to investigate the 
inhibitory effects was chosen. This and similar experiments 
were used by Hartline and Ratliff (1957) to demonstrate that 
inhibition in Limulus is recurrent. 
In a first experiment, the distance off-axis at 
which a light has to be positioned to produce a depolarizing 
response was determined (Fig. 4-19). At 3 degrees off-axis 
the response to a 500 ms light pulse is mainly excitatory. 
This is not surprising since the change from excitation to 
inhibition 1n Musca occurs at around 4 degrees off-axis 
(Figs. 4-5 and 4-6). At 6 degrees off-axis, no excitatory 
response was observed; only a sustained depolarization is 
recorded when the LED at 6 degrees off-axis 1s turned on. To 
test whether the inhibition is recurrent, an LED (S3) at 12 
degrees from the centre and on the same side as the other 
off-axis light (S2) was turned on 300 ms after the closer LED 
30 
r-. 
OEIY@ 
C Sl S2 
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Figure 4-19 
Step responses to off-axis light recorded from a large 
monopolar cell (Musca domestica). An on-axis LED (C) 
provided a steady illumination. The two off-axis LED's (Sl 
and S2, 3 and 6 degrees off-axis respectively) provided light 
flashes of 500 ms duration and similar intensity. The traces 
marked Sl and S2 under each response indicate the period over 
which the respective light was turned on. Each trace 
represents the average of 500 responses. The intensity of 
the on-axis light was approximately equal to the two other 
light sources. It produced an on-peak of about 15 mV and an 
off-peak of 10 mv. 
I, 
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Figure 4-20 
Step responses to off-axis light in a large monopolar cell 
(Musca domestica) (top trace). As in the experiment 
illustrated in Fig. 4-19, the LED centred on to the optical 
axis of the impaled cell provides a steady illumination. The 
two off-axis LED's are at a distance of 6 and 12 degrees from 
the centre. The light intensity of the two LED's, S2 and S3, 
is the same as was used in Fig. 4-19. The traces marked S2 
and S3 indicate the time during which the respective light 
was turned on. The on-axis light was reduced by 2 log units 
because of the high sensitivity of the cell. This intensity 
produced an on-peak of 20 mV and an off-peak of 15 mv. The 
average of 100 responses is shown. 
The bottom trace depicts the extracellular field 
potential measured just outside the same cell using an 
identical stimulus arrangement. Note that the vertical scale 
is not the same for the two traces. Further discussion in 
text. 
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was turned on. S3 depolarizes (inhibitory response) the 
cells in the region excited by S2, and thus if inhibition is 
recurrent, a hyperpolarization (or reduction in inhibitory 
effect) would be the end result. No reduction of the 
depolarization could be observed when the LED at 
was turned on. On the contrary, a small 
12 degrees 
additional 
depolarization is produced (Fig. 4-20). In all other cells 
tested, the response was similar in time course and amplitude 
to the one shown in Figs. 4-19 and 4-20, and the effect of 
the third light (S3) was no different from that shown in 
Fig. 4-20: a small additional depolarization. This evidence 
strongly suggests that the inhibition is not recurrent. It 
also shows that the inhibitory fields are extending out to at 
least 12° off-axis, a value consistent with the wide 
inhibitory fields found using gratings and bars. 
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4.5 DISCUSSION 
4. 5. 1 Anqula£ sensitivity of the photoreceptor 
The angular sensitivity functions measured using 
gratings demonstrate clearly that the response to a stimulus 
off-axis is larger than that predicted by a simple Gaussian 
approximation. Two questions arise from this observation: 
does it contradict existing data, and what mechanisms might 
be involved in such a broadening? 
In the past, angular sensitivity functions have 
usually been measured using a point source stimulus of 
constant intensity (e.g. Tunstall and Horridge, 1967). The 
more the light is moved away from the optical axis of the 
recorded cell, the smaller and noisier the response becomes. 
Consequently, the data becomes increasingly unreliable as one 
moves away from the optical . axis. Nevertheless, where 
measurements at wider angles are also included (e~g. · 
Horridge, Mimura and Hardie, 1976), the sensitivity at wide 
angles is often greater than expected of a Gaussian of 
identical half width, similar to what has been presented in 
this work. Very wide receptive fields were described by 
Mimura (1978, 1981) in the flesh-fly. 
A more sensitive method of investigation, where the 
intensity necessary to achieve a criterion response is 
measured (Beersma, 1979), provided evidence that in the 
periphery of the receptive field, the shape of the 
sensitivity profile differs from cell to cell. Frequently, 
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secondary peaks are found 1n these regions. The gratings 
used 1n the present study are much more effective 1n 
exploring broad fields because they cover most of the total 
visual field of the fly. Thus, unlike with a point source, 
the intensity modulation can be small and is, on average, the 
same for a wide area around the impaled cell. The data at 
low spatial frequency, which determine to a great extent the 
shape of the angular sensitivity at wide angles, are as 
reliable as the higher spatial frequency data. It is thus 
not surprising that broad receptive fields are demonstrated 
more readily in such experiments. 
The receptive fields of fly photoreceptors become 
slightly narrower when the eye 1s light-adapted (Hardie, 
1979; Beersma, 1979). This narrowing was not observed over 
the range of mean intensities used here. However, the 
highest mean intensity of the screen produces a 
depolarization of only 8 - 10 mV, or about 13 - 17% of the 
saturated response. This corresponds to a much lower 
intensity than those used by Hardie (1979) where the adapting 
light produced 75% of the response to a saturating light 
flash in the dark-adapted state. It 1s therefore not 
surpr1s1ng that the receptive field of photoreceptors does 
not change significantly under the relatively dim light 
conditions used in this work. 
angles? 
What mechanism maintains the sensitivity at wide 
Our data 1s very similar to that presented by 
Beersma (1979). He excludes transfer of light between 
rhabdomeres 1n a single ommatidium, electrical coupling and 
the diffraction pattern as possible mechanisms, and 
r 
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postulates stray light leaking through the secondary pig ment 
as the main contributing factor to the off-axis sensitivity. 
Indeed, studies on mutants lacking retinal screening 
pigments (Streck, 1972) suggest that stray light contributes 
to the extended sensitivity observed in Musca beyond 8°. It 
is evident that the modulations observed in our study are 
much too large to be due to the Airy function (whose first 
relative maximum is below 2% of the main peak) and inhibitory 
electrical interaction is an unlikely explanation be r. ause of 
the shape of the sensitivity function, as was argued by 
Beersma (1979). However, we have evidence that at least part 
of the broadening of the angular sensitivity might be due to 
electrical coupling between receptors probably within one 
ommatidilli~. These findings are now discussed. 
We suggested coupling between receptors in a study 
of single photon signals in the retina and lamina of Musca at 
very low light intensities (3 · - 4 log units below the mean 
screen intensity) (Chapter 2). Over a range of 4 log units 
up to the unattenuated mean screen intensity, using a low 
spatial frequency grating (period of 20 degrees), the 
signal-to-noise increased with mean intensity closely 
following the theoretical square root dependence (Chapter 2). 
In the case of changing field . . sizes, i.e. if the coupling 
observed at low intensity was not taking place at higher 
intensities, the signal-to-noise for higher intensities would 
be lower than that predicted by the square root law. Thus 
the coupling discovered at very low intensity on the basis of 
the shape of bumps produced by off-axis light (smaller and 
slower) could still be functional at higher intensity and 
i . 
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should, in the absence of lateral inhibition, manife st itse lf 
as a broader angular sensitivity. However, the 
signal-to-noise is rather insensitive to small changes in the 
receptive field because it is proportional to the square root 
of the photon catch. In addition, changes in receptive field 
could be masked by other factors influencing the S/N ratio. 
For example, a change in the temporal frequency response 
could affect the low temporal frequency signal used in these 
experiments to a lesser extent than the broad-band noise. 
Therefore, the question of whether the coupling between 
receptors observed in the dark-adapted state manifests itself 
at higher intensities remains open. 
A better characterisation of the two different 
populations of on-axis and coupled bumps was obtained by 
comparing the average on-axis and off-axis responses to very 
weak flashes which produce at the most one photon absorption. 
In each case, the average response represents the average 
bump convolved with the latency distribution of bumps. The 
average response to off-axis flashes is much broader and its 
time-to-peak is 12 ms longer than the average response to 
on-axis light, confirming the previous finding that off-axis 
bumps are slower than on-axis bumps (Chapter 2). This 
remains true even when 10 times brighter flashes are used, 
thus suggesting that no change in the coupling occurs for 
stronger stimuli, at least not over this small range of 
stimulus intensity. 
In summary, the data suggest that coupling between 
receptors with different optical axes exists at all 
intensities used in our experiment and consequently at least 
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some of the angular sensitivity at wider angles found in our 
data might be due to this coupling. The question of how this 
coupling occurs and if it might be an artefact must now be 
discussed. 
Coupling between re.ceptors in a single ommatid ium 
has been described for several insects with fused rhabdoms 
(locust: Shaw, 1967, 1969a,b; drone honey bee: Shaw, 
1969a,b; worker honey bee: Menzel and Blakers, 1976). An 
analogous couplin0 between receptors which share a common 
optical axis in the neural superposition eye of the fly has 
been demonstrated by Shaw (1981). Interactions between 
receptor cells with different optical axes have been 
suggested for the unfused rhabdom of the flesh-fly (Mimura, 
1978, 1981). On the basis that similar bump population 
differences for on- and off-axis stimulation were observed in 
the receptor cell and the LMC (Chapter 2), we argue that an 
artefactual coupling due to the electrode is unlikely. In 
the neural superposition eye, it is improbable that 
artefactual coupling · introduced by the electrode between · 
cartridges in the lamina would mimic the intraommatidial 
coupling most likely to be introduced by the electrode when 
recording in photoreceptors. 
A new type of intermembrane specialization observed 
between receptor cells in the same ommatidium of Musca (Chi, 
Carlson and St. Marie, 1979) might be a possible pathway for 
electrical coupling in the fly. Nevertheless, in the absence 
of any firm anatomical basis for such a coupling in the 
distal part of the receptor cell (no gap junctions have been 
found there so far; S.R. Shaw, personal communication), it 
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is impossible to discount artefactual coupling completely. 
4. 5. 2 
The advantage of using extended grating stimuli 
rather than point sources has been stressed in the previous 
section. The parts of the LMC receptive field of greatest 
interest are the rather diffuse inhibitory flanks. Each LMC 
receives excitatory input from six receptor cells sharing the 
same visual axis (Kirschfeld, 1967). An exception to this 
rule was found in the frontal region of the male, where a 
seventh receptor, R7, whose axon normally terminates in the 
medulla, is also presynaptic to the LMC's (Franceschini et 
al . , 19 81) . In the absence of any other interaction, the 
receptive field of each LMC should be identical to that of a 
Rl-6. Due to imperfections in alignment of the six optical 
axes of the receptors (Pick, 1977), an increase in the 
receptive field of LMC's can be anticioated. In fact the 
... 
LMC's receptive field exhibits a very prominent inhibitory 
flank, whose existence has been demonstrated in several 
experiments using point sources and extended sources of 
different shapes (Zettler and Jarvilehto, 1972; Laughlin, 
1974b; Zettler and Autrum, 1976; Zettler and Weiler, 1976; 
Mimura, 1976). 
The data presented in this chapter confirm that lateral 
inhibition operates in the LMC. The receptive fields of 
LMC's, obtained using moving gratings, are drastically 
different from those of receptor cells in that a wide 
inhibitory annulus surrounds the excitatory centre. The half 
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width of the excitatory centre is slightly smaller than in 
receptors. The centre-surround arrangement is very similar 
to the receptive fields of eccentric cells in the lateral eye 
of Limulus (Brodie et al., 1978b) and the bipolar and retinal 
ganglion cells in the vertebrate retina (Schwartz, 1974; 
Enroth-Cugell and Robson, 1966) . . The similarities with 
vertebrates do not end here: the strength of the inhibitory 
field is strongly dependent on the mean intensity, i.e. the 
adaptation state of the eye, a finding which again has its 
parallel in the retinal ganglion cells of vertebrates 
(Barlow, Fitzhugh and Kuffler, 1957b) and manifests itself in 
the human contrast sensitivity functions determined using 
sine wave gratings of variable spatial frequency (Daitch and 
Green, 1969; rev. Barlow, 1972). In LMC's, as in ganglion 
cells, the inhibition decreases with decreasing mean 
intensity. In addition the strength of lateral inhibition is 
a function of the temporal frequency. As in Limulus (Brodie 
et al., 1978b), the lateral inhibition in the fly lamina 
becomes ineffective at high temporal frequencies. This 
striking similarity in inhibition employed in the vertebrate 
and invertebrate eye suggests that the same fundamental 
strategy is used in both types of eye. This possibility will 
be further discussed below. 
The experiment with single bars of oscillatory intensity 
confirms the existence of an inhibitory surround. The 
changes in shape of the response in the receptor and in the 
LMC due to the non-linearity of the transfer functions are 
clearly illustrated by this experiment. The main deformation 
introduced by the photoreceptor is an asymmetry of the 
response with respect to the depolarization produced by the 
/ 
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mean intensity (Fig. 4-13) (Leutscher-Hazelhoff, 1975). The 
LMC's not only add some non-linearity to the overall transfer 
function, but also seem to counteract some of the 
deformations introduced by the 
This characteristic of the 
photoreceptors 
LMC's may be of 
(Fig. 4-13). 
more than 
theoretical interest. Such a rectification is difficult to 
predict from published measurements of responses to pulses of 
light (Laughlin, 1974b; Laughlin and Hardie, 1978) because 
until now only the on-peak, the plateau and the off-peak 
amplitudes have been measured as a function of the light 
intensity and stimulus size. It would be difficult (if not 
impossible) to predict the steady state response to a 
sinusoidally modulated light from such measurements. 
4. 5. 3 Possible mechanisms for lateral inhibition 
Let us now consider m~chanisms which might mediate 
this lateral inhibition. , Two possible pathways have been 
described: neural connections between neighbouring 
cartridges could provide inhibitory input (Strausfeld and 
Campos-Ortega, 1977), while the extracellular potential in 
the first optic neuropil might also inhibit the LMC's 
response, as was suggested by Laughlin (1974b), and described 
more explicitly by Shaw (1975). The central idea is that the 
potential activating the receptor-LMC synapse is the 
difference between the potential in the receptor axon 
terminal and the surrounding extracellular space. The 
depolarization of the extracellular space due to the flow of 
light-induced currents from the retina to the lamina will 
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reduce the potential difference at the receptor terminal and 
thus reduce, or inhibit, the LMC's response. 
The anatomical data is insufficient to predict the 
receptive field of neurally mediated inhibition or tell 
whether it is recurrent. The field potential hypothesis on 
the other hand predicts that the properties of the 
extracellular potential will correlate with those of the 
inhibition. A complicating factor which weakens any argument 
about field potentials LS the variability in its amplitude at 
different positions within the lamina (Laughlin, 1974a; 
Zimmerman, 1978). It is thus impossible to measure with 
confidence the effective extracellular potential situated at 
the synapses between receptor axons and LMC's. We shall now 
compare two properties of the LMC response and receptive 
field to see if there is any clear correlation with the 
properties of the extracellular field potential. 
First, as mentioned in section 4.4.3, the LMC's 
inhibitory field i~ sometimes wider and stronger in the 
horizontal direction than in the vertical. A similar 
asymmetry is always observed in the receptive field of the 
extracellular potential, suggesting a possible link between 
the extracellular potential and the lateral inhibition. 
Second, the lateral inhibition described in this chapter 
is not recurrent (if one assumes that the inhibitory effects 
observed with point sources and with gratings are both due to 
the same mechanism). Lateral inhibition mediated by field 
potentials which are generated by the receptors would 
necessarily be non-recurrent. The same experiments as were 
used to demonstrate the non-recurrence were repeated after 
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moving the electrode out of the cell. The extracellular 
response was similar to the depolarization observed 
intracellularly (Fig. 4-20), but two major differences are 
seen. First, the amplitude of the extracellular potential is 
six times smaller than the intracellular inhibitory 
depolarization. Second, the extracellular response did not 
rise as rapidly as the intracellular response and did not 
exhibit a sharp 'on' peak. Both observations can be 
explained in terms of the known characteristics of the 
synapses between receptors and LMC's. The amplification of 
the signal at the first synapse (Jarvilehto and Zettler, 
1971; Laughlin, 1973; Laughlin and Hardie, 1978) could 
account for the difference in amplitude and the faster rising 
phase. An additional hyperpolarizing component to the 
intracellular response will be generated by the light from 
the off-axis LED which is absorbed by receptors that project 
directly to the impaled cell. The notch in the intracellular 
depolarization (Fig. 4-20) could result from this 
hyperpolarizing component which would be delayed because . it . 
is generated by a weaker stimulus. In summary, the 
similarity of intracellular inhibition and extracellular 
potential supports the field potential mechanism of lateral 
inhibition proposed by Laughlin (1974b) and Shaw (1975), but 
this evidence is still insufficient for an unambiguous 
identification 
inhibition. 
of the mechanism underlying lateral 
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4. 5. 4 Functional role of spatial summation and inhibition 
------ --- -- --- ---------
To conclude this discussion, let us examine the 
possible functional roles of both the spatial summation 
observed in the receptor cells and the lateral inhibition 
observed in interneurons in both vertebrate and invertebrate 
retinas. Spatial summation will inevitably reduce the 
sensitivity to high spatial frequencies while increasing the 
signal-to-noise ratio for lower spatial frequencies. This is 
certainly a desirable trade-off at low mean intensities, 
where noise is the maJor limiting factor (Pirenne, 1967). It 
1s not clear 1n this study whether the summation between 
receptors observed at very low intensities occurs at the 
higher mean intensities, where such a strategy must be 
undesirable because the signal-to-noise ratio is much better 
and the loss in spatial acuity should outweigh the advantages 
of an even higher signal-to-noise ratio (Dvorak 
1978; Pick and Buchner, 1979). It 1s 
and Snyder, 
tempting to 
hypothesize that the . coupling seen in the dark-adapted retina 
when only single bumps are absorbed in each cell causes the 
broader angular sensitivity function measured at slightly 
higher intensities. However, no clear evidence either 
supporting or disproving such a claim has been found. 
Our main finding, that the receptive field of LMC's is 
subject to changes when the mean intensity of the stimulus 
changes, 1s of fundamental importance. The striking 
similarity between bipolar cells in vertebrates and LMC's in 
insects which had already been pointed out by Laughlin (1976) 
when discussing light adaptation and voltage response versus 
intensity functions is also found when studying the receptive 
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field organization of t h ese first order inte r ne uro n s. It 
would not be surprising if these similarities were based on 
some fundamental principle that underlies the encoding of 
visual signals. A theoretical analysis of the role of 
lateral inhibition using simple information the ory 
(Srinivasan, Laughlin and Dubs, in preparation) revealed some 
exciting possibilities. We found that the general concept of 
optimising the information capacity of a nerve cell 
transmitting signals within a limited dynamic range, and in 
the presence of noise, provides an adequate quantitative 
description of the receptive field of LMC's and its changes 
with light intensity described in this work. 
The coding strategy we propose relies on the fact that 
natural visual scenes are never completely random. The 
resulting correlation in the intensity pattern between 
neighbouring points can be used to reduce the dynamic range 
of the signals which have to be transmitted in the following 
way . Because there is spatial correlation, the signal at a 
given point in space · can be predicted quite accurately from · 
the signals of the surround. Thus only the difference 
between the predicted and the measured value needs to be 
encoded, and this difference will generally be smaller than 
the incoming signal itself. The result of inhibition is a 
reduction in the range of signal amplitudes the neuron needs 
to encode (Barlow and Levick, 1976; Laughlin and Hardie, 
1978) and consequently the gain of the synapse can be higher. 
Such an increased amplification will make the signal more 
resistant to intrinsic noise added to it at a later stage. 
We propose that lateral inhibition subtracts away such a best 
estimate of the signal expected at the centre. 
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Our analysis, which uses linear estimation theory to 
predict the centre from the surround, shows that with a high 
signal-to-noise one obtains the best prediction simply by 
examining the responses of the nearest neighbours. Thus one 
expects a small inhibitory surround at high intensities. 
When the incoming signal is very noisy, at low light 
intensities, a better estimate is obtained by widening the 
inhibitory field, until at very low signal-to-noise ratios 
the mean intensity value over the entire eye is the only 
reliable prediction. Thus as intensity falls the inhibitory 
field should broaden and weaken. This predictive coding 
strategy satisfactorily describes the inhibitory field and 
its changes with mean luminance and signal-to-noise ratio as 
observed in the fly LMC's in the course of the experiments 
described here. At the same time predictive coding reduces 
the redundancy of the encoded information, a feature of 
lateral inhibition which was proposed in a more intuitive way 
by Barlow (1961). 
Antagonistic surrounds of retinal ganglion cells show a 
qualitatively similar widening 
intensities as judged by the 
at lower 
response to 
mean light 
gratings 
(Enroth-Cugell and Robson, 1966). A quantitative test of the 
proposed strategy in retinal ganglion cells would be of 
interest but necessitates further experiments to determine, 
under identical light conditions, the signal-to-noise in the 
presynaptic bipolar cells and the contrast sensitivity 
function of retinal ganglion cells. To benefit maximally 
from the predictive encoding scheme, it should be applied as 
early as possible in the visual pathway, i.e. at the first 
synapse, as indeed was found in the fly visual system. Thus 
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a more powerful test of the predictive coding strategy could 
be obtained by a study of the receptive fields of bipolar 
cells and the signal-to-noise ratio 1n rods at identical 
light intensities. Unfortunately such a study 1n the 
vertebrate retina 1s of considerable technical difficulty; 
this underlines once more the advantage of the insect 
preparation over the more complex vertebrate retina for 
investigating information processing 1n the nervous system 
(Laughlin, 1976a). 
,. 
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CHAPTER 5 
C O N C L U S I O N 
-163-
In the three preceding chapters, several aspects of 
the processing of visual information by photoreceptors and 
second order neurons have been described. In this final 
chapter, I shall attempt to draw together the general ideas 
and conclusions emerging from this work. 
The advantages of the· repetitive anatomical 
arrangement and the fact that many aspects have been 
extensively studied have been stressed in the introduction 
(Chapter 1). Nevertheless, the encoding of visual signals in 
the neural circuitry of the lamina is complex, both at the 
level of the individual cell (e.g. transduction and light 
adaptation mechanisms) and when considering groups of 
interneurons within the neural network. A vast amount of 
lateral and efferent input, described anatomically at the 
level of the first optic neuropil of the fly, still awaits 
physiological identification. 
A further question concerns the role of Ll and L2 
which are almost identical anatomically, and can only be 
distinguished by the fact that their axons terminate 1n 
different layers 1n the medulla. As one might expect from 
the similar synaptic input, no difference between Ll and L2 
has been found electrophysiologically. So why do these 
parallel pathways exist, i.e. what might their functional 
advantage be? A priori it seems rather difficult to justify 
such a duplication of an interneuron in an otherwise highly 
optimized system. Thus it is not unlikely that Ll and 12 do 
not have identical responses when tested with the appropriate 
stimuli. For example, differences in frequency response, 
gain and inhibition cannot be excluded on the basis of the 
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available data. 
Many parameters, such as mean intensity, temporal 
frequency, polarization and wavelength of light, and activity 
of neighbouring elements all affect the responses of the 
peripheral networks, the retina and lamina. The excitatory 
and inhibitory interactions between neurons are the basic 
means for all information processing in the nervous system. 
Therefore, as one approaches the brain, these interactions 
will become more numerous and specialized. However, even at 
the level of the first order neurons some important 
preliminary data processing takes place, which will be 
discussed in the second half of this chapter. 
A study of the individual cells isolated as far as 
possible from spatial interactions using a point source of 
light is a necessary starting point (fly: Burkhardt, 1962; 
Limulus: Hartline and Graham, 1932). However, to 
investigate spatial interactions, a more complicated stimulus 
arrangement is necessary. Several point sources (Limulus: 
Hartline, Wagner and Ratliff, 1956), bars (fly: Mimura, 
1976; cat retinal ganglion cells: Barlow, Fitzhugh and 
Ruffler, 1957b) or annuli (fly: Zettler and Weiler, 1976) 
have been used for the initial study of lateral interactions. 
Later, sine wave gratings have 
investigating receptive fields in 
cells (Brodie, Knight and Ratliff, 
proved 
both 
successful for 
Limulus eccentric 
1978a,b) and the cat 
retinal ganglion cells (Enroth-Cugell and Robson, 1966). In 
this work, I have attempted to go a little further in the 
study of lateral interactions occurring at an early stage of 
data processing in the fly's eye using sine wave gratings. 
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It is evident that no simple experiment will ever yield a 
complete description of the complex response characteristics 
with respect to all of the different variables 
simultaneously. 
Any analysis of the nervous system is rendered much 
more complicated by the fact that many neural interactions 
are essentially non-linear. It is thus indisputable that a 
mathematically rather sophisticated method, the non-linear 
system identification technique using white-noise stimuli, is 
a more effective way to describe the visual nervous system 
(Marmarelis and Mccann, 1973; Mccann, Fargason and Shantz, 
1977; Fargason and Mccann, 1978). Because of the difficulty 
of making two dimensional white noise patterns, it seemed 
more appropriate to commence my investigation using simple 
stimuli and under the assumption that the nervous system is 
reasonably linear. The limitations are clear: only a 
limited amount of data concerning the influence of each 
parameter can be tested and thus the description will be 
fragmentary. This disadvantage is more than compensated for . 
by the clear answer one obtains when a specific question is 
investigated. For example, the question of whether the 
frequency response to off-axis light is different to the 
response to on-axis light can be investigated using short 
flashes from an on-axis point source and a surrounding 
annulus of light. This optimum stimulus arrangement ensures 
results that are easily interpretable and unambiguous. 
In many cases, the clear data obtained from 
straightforward experiments give more insight into the 
underlying mechanisms and principles than a comprehensive but 
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more complicated experiment. There is no doubt that we are 
primarily searching for principles and mechanisms. For 
example, using sine wave gratings and working under the 
assumption that the system is approximately linear, it was 
possible to show the dependence of the LMC's inhibitory field 
on mean light intensity (Chapter 4). It was shown that in 
the case of a noisy neuron of limited dynamic range, such a 
change represents an optimal encoding procedure (Srinivasan, 
Laughlin and Dubs, in preparation), which seems to be used in 
the vertebrate retina where similar changes in the inhibitory 
field have been described (Enroth-Cugell and Robson, 1966). 
Clearly, the complete description of the response under all 
possible conditions is less important than the discovery of 
such general neural mechanisms. 
In this work, the stimuli used were of very low 
intensity due to the low maximum intensity available from the 
screen. At the lowest intensity only a few photons were 
absorbed in each photoreceptor, each producing a short 
depolarization. The · highest intensity produced a very noisy . 
depolarization of about 10 mV, which is less than 20% of the 
maximum response. Thus the mean intensity from the stimulus 
screen was always more than 3 log units below the saturating 
intensity for photoreceptors (estimated from 
response/intensity curves in Laughlin and Hardie, 1978). 
What are the fundamental problems associated with 
vision at low intensities? Ultimately, the sensitivity to 
light will limit the performance of the visual system. It is 
thus most important to absorb as much light as possible, and 
transform it efficiently into a resolvable electrical event. 
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How well this is done and what strategies are used to 
optimize the performance is best studied under extreme 
conditions, that is at very low intensity. It was shown by 
Hecht, Shlaer and Pirenne (1942) that the human visual system 
detects as few as 5 to 14 quanta absorbed by the rods. In 
behavioural experiments, Reichardt and his coworkers (e.g. 
Reichardt, Braitenberg and Weidel, 1968) showed that in the 
fly less than one photon absorption per visual cell and per 
second could elicit an optomotor response. More recently, 
Lillywhite and Dvorak (1981) showed that the quantum 
efficiency of the movement detecting neuron Hl (Hausen, 1976) 
relative to the receptors is between 0.025 and 0.25 when a 
stationary point source is used. 
What are the mechanisms which allow the visual 
system to distinguish movements at low intensities? A 
similar question is probably more familiar to most people: 
how can one take photographs at very low intensity of ambient 
light? We can achieve it in three different ways. Firstly, 
by opening the aperture of the lens more light will reach the . 
light sensitive material. Secondly, it is well known that a 
longer exposure time will do the job but fast moving objects 
will be blurred, . i.e. the performance at low light levels 
can be improved at the expense of temporal acuity. 
Alternatively, one can use a more sensitive film. The 
sensitivity of such film is often increased by increasing the 
size of the individual crystals of silver salt. As an 
inevitable consequence the grain of the picture will be 
coarser. This process is equivalent to a spatial summation 
of photons and reduces the spatial resolution of the picture. 
Normally, a photographer will use a combination of these 
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three mechanisms according to the circumstances: fast 
movement can only be captured by an increase of the 
granularity of the film; 
be photographed is not 
if on the other hand the scene to 
moving at all, the film's 
insensitivity can be overcome by increasing the exposure 
time . 
All three mechanisms have their counterparts in the 
visual system. A change in aperture corresponds to the 
familiar pupil mechanism (review of pigment migration in the 
compound eye: Stavenga, 1979). Under the dim light 
conditions used in the grating experiments described in 
Chapters 2 and 4, this mechanism was probably not activated 
at all and certainly did not contribute to the response when 
the temporal frequency of the stimulus exceeds 1 Hz, as was 
the case in all of the grating and bar experiments described 
here (Leutscher-Hazelhoff, 1975). Visual psychophysics 
demonstrates that spatial and temporal summation are 
mechanisms used to match the grain and the integration time 
of the human eye to the ambient intensity (cf. Barlow, 
1972). In my work presented here, spatial and temporal 
strategies to improve the performance of the visual system at 
low light intensities were revealed at several levels of the 
fly's nervous system. 
Several findings underline how well the fly's visual 
system . is adapted to low intensity vision . First, the 
quantum capture efficiency was found to be remarkably high 
(0.52; comparable to the QCE of locust: 0.59; Lillywhite, 
1977). Over half of the photons reaching the cornea, not all 
of which will reach the rhabdom, are absorbed in the 
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receptors. Second, each effective photon absorption produces 
a good size bump in the receptor cells of invertebrates (fly: 
Hardie, 1979; locust: Scholes, 1965; Limulus: Yeandle, 
1958) and produces long-lasting current events in the toad 
rod (Baylor, Lamb and Yau, 1979). It has also been shown by 
intracellular recordings 1n the large monopolar cell of 
locust (Shaw, 1968) and in the bipolar cells of the dogfish 
(Ashmore and Falk, 1980b) that these single photon signals 
are amplified at the first synapse and transmitted reliably 
to the second order neurons. In Chapter 2, bumps in the 
lamina of the fly are reported and extensively studied for 
the first time. These single photon signals provided a 
convenient means of testing the neural superposition of the 
response of six receptors onto each LMC (Kirschfeld, 1973). 
When a point source 1s centred onto the optical axis of a LMC 
receptive field, the bump rate is found to be six times 
higher in · the LMC than in the six receptors sharing the same 
optical axis, thus confirming the neural superposition. 
On the basis of the temporal properties of the 
receptor and LMC bumps and their amplitude distribution when 
light on- and off-axis is used, a coupling between 
neighbouring receptors was suggested (Chapter 2). Coupling 
between receptors seems to be a wide-spread phenomenon 
Smith and Baumann, 1969; turtle: Schwartz, (Limulus: 
1975a,b; insects: e.g. Shaw, 1969a, Lillywhite, 1978) but 
has never been observed to occur consistently in insects 
between receptors with diverging optical axes. The 
well-documented coupling in insects occurs between receptors 
with identical optical axes (see also Chapter 1). The only 
other evidence for coupling between receptors with diverging 
r 
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axes was reported by Mimura (1978,1~81) who finds coupling 
over many ommatidia which varies from cell to cell; the 
different receptive field patterns can be classified into 
several classes of varying complexity from the round, small 
receptive field to starlike fields. 
The changes in receptive field of receptors and 
LMC's are also found to increase the performance at low 
intensities. The receptive field of photoreceptors was found 
to be the same at all intensities used in this work (Chapter 
4). It is known that the fields become wider at low 
intensities (Hardie, 1979), but this change occurs at much 
higher intensities than the maximum screen intensity used in 
these experiments. The receptive field of the monopolar 
cells tends to lose its inhibitory surround at low 
intensities, when the additional reduction of the 
signal-to~noise ratio accompanying inhibition is u~desirable. 
The receptive field of the elementary movement detecting 
element must also change. This was suggested by the higher 
signal-to-noise ratio needed in the photoreceptors for an 
identical behavioural response at higher intensities (Chapter 
2). Such a change in the movement detecting pathway has been 
deduced previously from behavioural experiments (Pick and 
Buchner, 1979) and from an electrophysiological study of the 
optomotor neuron believed to mediate the corresponding 
turning behaviour (Srinivasan and Dvorak, 1980). 
Both the increase in receptive field of receptors 
and the decrease in lateral inhibition will improve the 
signal-to-noise ratio of low to medium spatial frequencies. 
An increase in the receptor field increases the number of 
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photons which will excite the cell and thus increases the 
signal-to-noise ratio of the response to wide-field stimuli 
(low spatial frequencies). Inhibition decreases the 
signal-to-noise ratio because the signal of the surround is 
subtracted but the noise is added. Thus a reduction in the 
strength of the inhibition or a widening of the inhibitory 
field, resulting in a decrease in the noise of the inhibitory 
signal, are adequate mechanisms to improve the 
signal-to-noise ratio above a detectable level at low 
intensities. To boost the low spatial frequencies at the 
expense of the high spatial frequency signals might seem 
contrary to the idea that for detection of small movements 
the high spatial frequencies . give the most reliable 
information. However at low light levels only spatial 
summation and thus suppression of the high frequencies allows 
an increase of the signal-to-noise ratio to a reliable level. 
Thus the spatial acuity is reduced to allow the visual system 
to transmit some reliable in.formation at very low intensity 
(Snyder, 1979). A similar decrease in the strength of 
inhibition and increase in the size of the receptive field 
size at low intensity was found in the 'elementary horizontal 
movement detection unit' (Srinivasan and Dvorak, 1980). 
There is an analogous change in the temporal 
characteristics of receptors, as was discussed in Chapter 3. 
In the dark-adapted state, the response to a short flash of 
light is longer-lasting and has an increased time-to-peak; 
these changes correspond to an increased temporal summation 
and thus a loss in temporal acuity. Again this will increase 
the signal-to-noise ratio if the signal's temporal frequency 
spectrum cuts off at lower temporal frequency than the noise 
l 
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spectrum which is essentially flat over a wide range of 
frequencies. Under these conditions, a low pass filtering in 
the frequency domain will increase the signal-to-noise ratio. 
Spatial signals, generating temporal changes via movement 
relative to the eye, are blurred by the optics. This 
blurring limits the temporal frequency spectrum of the 
resulting retinal image. Thus the above assumption, . i.e. 
that the temporal frequency spectrum cuts off at lower 
frequencies than the noise spectrum, 
movements. 
is valid for slow 
A general conclusion from the work presented in this 
thesis is that changes in receptive field and temporal 
properties occur very early in the visual information pathway 
and at very low intensity; at approximately 3 log units 
below saturating intensity (the maximum mean intensity of the 
screen) most of the light adaptation in terms of frequency 
response (rather than gain) has taken place and the 
inhibition is operating. 
Unfortunately we cannot assess how complete the 
change from summation to inhibition is because of the limited 
intensity emitted by the screen. The most obvious 
continuation of this work would be an extension to higher 
intensities of light. The major problem to overcome in such 
a study would be the construction of a high intensity 
stimulus with the possibility of easily changing contrast, 
and spatial and temporal frequency. A potential candidate 
might be an assembly of light emitting diodes, a device at 
present developed for commercial use as a flat television 
screen. Presumably one could then observe the tightening of 
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the angular sensitivity function at high adaptation l ev el s as 
was observed by Hardie (1979) using a point source. One 
could 
between 
also investigate whether the electrical coup l ing 
receptors described 1n this work lS 
intensity-dependent, as has been described 1n other 
preparations (e.g. Smith and Baumann, 1969; 1n Limulus). 
Furthermore, the inhibitory field of LMC's at higher 
intensities and thus higher signal-to-noise ratios are 
expected to become more pronounced and tighter. Such a 
tightening 1s expected from our predictive encoding model, 
discussed 1n more detail 1n section 4.5.4 (Srinivasan, 
Laughlin and Dubs, in preparation). 
In Chapter 2, the signal-to-noise measurements 1n 
the photoreceptor at the behavioural threshold indicated that 
some changes in the signal processing for the detection of 
movement must occur: the signal-to-noise ratio 1n the 
photoreceptors had to be higher at higher intensities to 
produce an identical signal-to-noise ratio 1n the behavioural 
response. Again, because of the limited luminance of the · 
stimulus 1n that study, only a very narrow intensity range 
was investigated, and an extension to higher light 
intensities would be of interest. A combined study of the 
signal-to-noise ratio at every accessible level, 
photoreceptors, LMC's and the movement detecting neuron Hl 
(Hausen, 1976) in the lobula plate at the behavioural 
threshold contrast for a wide range of intensities would 
present a unique opportunity for studying the limiting 
factors of a visually evoked behaviour. Such a study has 
never been done and is unlikely to be performed in any other 
animal than the fly 1n the near future. In the fly, the 
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responses of the nervous system at three levels can be 
recorded in a virtually intact animal, and a behavioural 
response can be measured under identical conditions. This 
would allow an interesting insight into the limitations of 
the visual information pathway in the high intensity range 
where photon noise is relatively small and intrinsic noise 
will limit the detectability of signals. One has to keep 1n 
mind, however, that it has not yet been shown that the LMC's 
are in the movement detecting pathway. It would thus greatly 
enhance the value of such a study if the second order cell(s) 
in the movement detecting pathway were identified. 
-175-
B I B L I O G R A P H Y 
/ . 
-176-
Arnett, D.W.: Spatial and temporal integration properties of 
units in the first optic ganglion of dipterans. J. 
Neurophysiol. 35, 429-444 (1972) 
Ashmore, J.F. and Falk, G.: Responses of rod bipolar cells 
in the dark-adapted retina of the dogfish, Scyliorhinus 
canicula. J. Physiol. 300, 115-150 (1980a) 
Ashmore, J.F. 
bipolar 
and Falk , G. : 
cells of the 
300, 151-166 (198Gb) 
and 
The single-photon signal in rod 
dogfish retina. J. Physiol. 
Jarvilehto, M.: Autrum, H., Zettler, F. 
potentials from 
ganglion opticum 
vergl. Physiol. 
a single monopolar 
I of the blowfly 
70, 414-424 (1970) 
Postsynaptic 
neuron of the 
Calliphora. z • 
Barlow, H.B.: Summation and inhibition in the frog's retina. 
J. Physiol. 119, 69 (1953) 
Barlow, H.: Dark and light adaptation: psychophysics. 
vol. VII/4, 
In: 
ed. Handbook of Sensory Physiology, 
D. Jameson and L.M. Hurvich, Berlin: 
(1972) 
Springer Verlag 
Barlow, H.B., Fitzhugh, R. 
adaptation, absolute 
single units of the 
137, 327-337 (1957a) 
Barlow, H.B., Fitzhugh, R. 
organization in the 
retina during dark 
137, 338-354 (1957b) 
and Ruffler, S.W.: Dark 
threshold and Purkinje shift in 
cat's retina. J. Physiol. 
and Ruffler, S.W.: 
receptive fields of 
adaptation. J. 
Change of 
the cat's 
Physiol. 
-177-
Barlow, H.B. and Levick, W.R.: Threshold setting by the 
surround of cat retinal ganglion cells. J. Physiol. 
259, 737-757 (1976) 
Baylor, D.A. and Hodgkin, A.L.: Changes in time scale and 
sensitivity in turtle photoreceptors. J. Physiol. 
242, 729-758 (1974) 
Baylor, D.A., Hodgkin, A.L. and Lamb, T.D.: The electrical 
response of turtle cones to flashes and steps of light. 
J. Physiol. 242, 685-727 (1974a) 
Baylor, D.A., Hodgkin, A.L. and Lamb, T.D.: Reconstruction 
of the electrical responses of turtle cones to falshes 
and steps of light. J. Physiol. 242, 759-791 (1974b) 
Baylor, D.A., Lamb, T.D. 
retinal rods to 
288, 613-634 (1979) 
and Yau, K.-W.: 
single photons. 
Responses of 
J. Physiol. 
Beersma, D.: Spatial characteristics of the visual field of 
the flies. Ph.D. Thesis, Rijksuniversiteit te 
Groningen (1979) 
Borsellino, A., Fuertes, M.G.F. and Smith, T.G.: Visual 
Responses in Limulus. Cold Spring Harb. Syrop. Quant. 
Biol. l_Q, 429-443 (1965) 
Boschek, C.B.: On the 
retina and lamina 
domestica. z. 
118, 369-409 (1971) 
fine structure 
ganglionaris 
Zell for sch. 
of the peripheral 
of the fly, Musca 
mikrosk. Anat. 
I 
/ , 
-178-
Braitenberg, V.: Patterns of projection in the visual s y stem 
of the fly. I. Retina-lamina projections. Exp. Brain 
Res. 3,271-298 (1967) 
Brodie, S.E., Knight, B.W. and Ratliff, F.: The response of 
the Limulus retina to moving stimuli: a prediction by 
Fourier synthesis. J. gen. Physiol. 72, 129-165 
(1978a) 
Brodie, S.E., Knight, B.W. and Rat 1 i ff , F . : The 
spatioternporal transfer function of the Lirnulus lateral 
eye. J. gen. Physiol. 72, 167-202 (1978b) 
Burkhardt, D.: Spectral sensitivity and other response 
characteristics of single visual cells. Syrnp. Soc. 
exp. Biol. 16, 86-109 (1962) 
Cajal, S.R. and Sanchez, D.: Contribucion al conocirniento 
de los centros nerv1osos de los insectos. Parte I, 
.,,,,,. . ~ . . 
retina y centros opt1cos. Trab. Lab. Invest. Biol. 
Univ. Madr. J3, 1-164 ( 1915) 
Cervetto, L., Pasino, E. and Torre, V.: Electrical responses 
of rods 1n the retina of Bufo marinus. J. Physiol. 
267, 17-52 (1977) 
Chi, C., Carlson, S.D. and St.Marie, R.L.: Membrane 
the peripheral retina of the specializations 
housefly Musca domestica L.: Cell Tissue Res. 
198, 501-520 (1979) 
-179-
Chi, C. and Carlson, S.D.: Membrane specializations 1n the 
first optic neuropil of the housefly, Musca 
domestica L. I. Junctions between neurons. J. 
Neurocyt. 9, 429-449 (1980a) 
Chi, C. and Carlson, S.D.: Membrane specializations 1n the 
first optic neuropil of the housefly, Musca 
domestica L. II. Junctions between glial cells. J. 
Neurocyt. 9, 451-469 (1980b) 
Collett, T.S. and Land, M.F.: Visual control of the flight 
behaviour 1n the hoverfly, Syritta p1p1ens L. J. 
comp. Physiol. 99, 1-66 (1975) 
Daitch, J.M. and Green, D.G.: Contrast sensitivity of the 
human peripheral retina. Vis ion Res. 9, 947-952 
(1969) 
Devoe, R.D.: Movement sensitivities of cells in the fly's 
medulla. J. comp. Physiol. 138, 93-119 (1980) 
Devoe, R.D. and ockleford, E.M.: Intracellular responses 
from cells of the medulla of the fly Calliphora 
erythrocephala. Biol. Cybern. 23, 13-24 (1976) 
Dubs, A.: Non-linearity and light adaptation 1n the fly 
photoreceptor. J. comp. Physiol., 144, 53-59 (1981) 
Dubs, A., Laughlin, S.B. and Srinivasan, M.V.: Single 
photon signals 1n the fly photoreceptors and first 
interneurons at behavioural threshold. 
317, 317-334 (1981) 
J. Physiol., 
-180-
Dvorak, D.R., Bishop, L.G. and Eckert, H.E.: On the 
identification of movement detectors in the fly optic 
lobe. J. comp. Physiol., 100, 5-23 (1978) 
Dvorak, D.R. and Snyder, A.W.: The relationship between 
visual acuity and illumination 1n the fly, Lucilia 
sericata. z. Naturforsch. 33c, 139-143 (1978) 
Dvorak, D.R., Srinivasan, M.V. and French, A.S.: The 
contrast sensitivity of fly movement-detecting neurons. 
Vision Res. 20, 397-407 (1980) 
Eckert, H.: Spektrale Empfindlichkeit des Komplexauges von 
Musca. Kybernetik 9, 145-156 (1971) 
Eckert, H.: Functional properties of the Hl-neurone 1n the 
third optic ganglion of the blowfly, Phaenicia. J. 
comp. Physiol. 135, 29-39 (1980) 
Enroth-Cugell, C. and Robson, J.G.: The contrast 
sensitivity of retinal ganglion cells of the cat. J . 
. 
Physiol. (London) 187, 517-552 (1966) 
Fain, G.L., Granda, A.M. and Maxwell, J.H.: Voltage signal 
of photoreceptors at visual threshold. Nature (Lond.) 
265, 181-183 (1977) 
Fargason, R.D. and Mccann, G.D.: Response properties of 
peripheral retinula cells within Drosophila visual 
mutants to monochromatic Gaussian white-noise stimuli. 
Vision Res. 12, 809-813 (1978) 
-181-
Fermi, G. and Reichardt, W.: Optomotorische Reaktionen der 
Fliege Musca domestica. Kybernetik 2, 15-28 (1963) 
Franceschini, N., Hardie, R.C., Ribi, W. and Kirschfeld, K.: 
Sexual dimorphism in a photoreceptor. Nature 
291, 241-244 (1981) 
French, A.S.: The effect of light adaptation on the dynamic 
properties of phototransduction in the fly, Phormia 
regina. Biol. Cybernetics 32, 115-123 (1979) 
French, A.S. and Jarvilehto, M.: The transmission of 
information by first and second order neurons in the 
fly visual system. J. comp. Physiol. 126, 87-96 
(1978) 
Fuortes, M.G.F. and Hodgkin, A.L.: Changes in time scale 
and sensitivity in the ommatidia of Limulus. J. 
Physiol. 172, 239-263 (1964) 
Fuortes, M.G.F. and Yeandle, S.: Probability of occurrence 
. 
of discrete potential waves in the eye of Limulus. J. 
gen. Physiol. 47, 443-463 (1964) 
Gemperlein, G. and Smola, U.: Die Wirkung linear 
polarisierten Lichtes auf die Sehzellen von Calliphora 
erythrocephala. 
(1973) 
J. comp. Physiol. 
Got z, K. G. : Optomotorische Untersuchung 
Systems einer Augenmutanten der 
Drosophila. Kybernetik 2, 77-92 (1964) 
des 
87, 285-292 
visuellen 
Fruchtfliege 
' 
-182-
Got z, K. G. : Die 
Komplexaugen 
(1965) 
optischen Uebertragungseigenschaften der 
von Drosophila. Kybernetik 2, 215-221 
Granit, R.: Aspects of excitation and inhibition in the 
retina. Proc. Roy. Soc. London, Series B 140, 191 
(1952) 
Hamdorf, K.: The physiology of invertebrate visual pigments. 
In: Handbook of Sensory Physiology, vol. VII/6a, ed. 
H. Autrum, Berlin: Springer (1979) 
Hamdorf, K. and Kirschfeld, K.: 
double-hits at functional 
'Prebumps': Evidence for 
subunits in a rhabdomeric 
photoreceptor. z. Naturforsch. 35c, 173-174 (1980) 
Hardie, R.C.: Electrophysiological properties of R7 and R8 
in the dipteran retina. z. Naturforsch. 32c, 887-889 
(1977) 
Hardie, R.C.: Electrophysiological analysis of fly retina. 
I: Comparative properties of Rl-6 and R7 and R8. J. 
comp. Physiol. 129, 19-33 (1979) 
Hardie, R.C., Franceschini, N. and McIntyre, P.D.: 
Electrophysiological analysis of fly retina. 
II. Spectral and polarisation sensitivity in R7 and R8. 
J. comp. Physiol. 133, 23-39 (1979) 
Hartline, H.K.: 
In: Les 
Visual receptors and 
Prix Nobel en 1967. 
242-269 (1968) 
retinal interaction. 
The Nobel Foundation, 
-183-
Hartline, H.K.: Studies on Excitation and Inhibition in the 
Retina. ed. F. Ratliff. London: Chapman and Hall 
(1974) 
Hartline, H.K. and Graham, C.H.: Nerve impulses from single 
receptors in the eye. J. Cell. and Comp. Physiol. 
I, 277-295 (1932) 
Hartline, H.K. and Ratliff, F.: Inhibitory interaction of 
receptor units in the eye of Limulus. J. gen. 
Physiol. 40, 357-376 (1957) 
Hartline, H.K., Wagner, H.G. and Ratliff, F.: Inhibition in 
the eye of Limulus. J. gen. Physiol. 39, 651-673 
(1956) 
Hausen, K.: Functional characterization and anatomical 
identification of motion sensitive neurons in the 
lobula plate of the blowfly Calliphora erythrocephala. 
Z. Naturforsch. 31c, 629-633 (1976) 
. 
Hausen, K. and Strausfeld, N.: Sexually dimorphic 
interneuron arrangements in the fly visual system. 
Proc. Roy. Soc. London, Series B 208, 57-71 (1980) 
Hecht, S., Shlaer, S. and Pirenne, M.H.: Energy, quanta, 
and vision. J. gen. Physiol. 25, 819-840 (1942) 
Heisenberg, M. and Buchner, E.: The role of retinula cell 
types in visual behaviour of Drosophila melanogaster. 
J. comp. Physiol. 117, 127-162 (1977) 
-184-
Heisenberg, M., Wonneberger, R. and Wolf, R.: 
Optomotor-blindHJl - a Drosophila mutant of the lobula 
plate giant neurons. J. comp. Physiol. 124, 287-296 
(1978) 
Horridge, G.A., Mimura, K. and Hardie, R.C.: Fly 
photoreceptors III. Angular sensitivity as a function 
of wavelength and the limits of resolution. 
Roy. Soc. London, Series B 194, 151-177 (1976) 
Proc. 
Howard, J.: Temporal resolving power of the photoreceptors 
of Locusta migratoria. J. comp. Physiol 144, 61-66 
(1981) 
Howard, J., Payne, R. and Dubs, A.: The dynamics of 
phototransduction in insects - a comparative study. In 
preparation. 
Jarvilehto, M. and Moring, J.: Polarization sensitivity of 
individual retinula cells and neurons of the fly 
Calliphora. J. comp. Physiol. 91, 387-397 (1974) 
Jarvilehto, M. and Zettler, F.: Localized intracellular 
potentials from pre- and post-synaptic components in 
the external plexiform layer of an insect retina. z. 
vergl. Physiol. 75, 422-440 (1971) 
Kaneko, A.: Receptive field organization of bipolar and 
amacr1ne cells 1n the goldfish retina. J. Physiol. 
235, 133-153 (1973) 
-185-
Kirschfeld, K.: Die Projektion der optischen Umwe lt a uf das 
Raster der Rhabdomere im Komplexauge von Musca. Exp. 
Brain Res. 3, 248-270 (1967) 
Kirschfeld, K.: Absorption properties of photopigments . in 
single rods, cones and rhabdomeres. In: Processing of 
Optical Data by Organisms and by Machines. ed. 
W. Reichardt, New York: Academic Press (1969) 
Kirschfeld, K.: The visual system of Musca: 
optics, structure and function. In: 
studies on 
Information 
Processing in the Visual Systems of Arthropods, ed. 
R. Wehner, pp. 61-74. Berlin: Springer (1972) 
Kirschfeld, K.: Das neurale Superpositionsauge. Forts. 
Zool. 21, 229-257 (1973) 
Kirschfeld, K.: The resolution of lens and compound eyes. 
In: Neural principles in vision, ed. F. Zettler and 
R. Weiler, Berlin: Springer (1976) 
Kirschfeld, K.: The· visual system of the fly: Physiological · 
optics and functional anatomy as related to behaviour. 
In: The Neurosciences, Fourth Study Programme, ed. 
F.O. Schmitt and F.G. Warden. Cambridge: MIT Press 
(1979) 
Kirschfeld, K., Franceschini, N. and Minke, B.: Evidence for 
a sensitising pigment in fly photoreceptors. Nature 
269, 386-390 (1977) 
I I 
-186-
Kirschfeld, K. and Lutz, B.: Lateral inhibition 1n the 
compound eye of the fly,, Musca. z. Naturforsch. 
29c, 95-97 (1974) 
Kuffler, S.W.: 
organization 
Discharge 
of 
patterns 
mammalian 
and functional 
the retina. J. 
Neurophysiol. 16, 37-68 (1953) 
Land, M.F.: Visually guided movements 1n invertebrates. In: 
Function and Formation of Neural Systems, ed. 
G.S. Stent, Berlin: Dahlem Konferenzen (1977) 
Laughlin, S.B.: Neural integration in the first optic 
neuropile of dragonflies. I. Signal amplification in 
dark adapted second order neurons. J. comp. Physiol. 
84, 335-355 (1973) 
Laughlin, S.B.: 
neuropile 
Neural integration in the first 
of dragonflies. II. 
interactions 1n the lamina. J. 
Receptor 
comp. 
optic 
signal 
Physiol. 
92, 357-375 (1974a) 
Laughlin, S.B.: 
neuropile 
Neural integration in the first optic 
of dragonflies. III. The transfer of 
angular information. J. comp. Pbysiol. 
(1974b) 
92, 377-396 
Laughlin, S.B.: 
contrast 
Adaptation of the dragonfly retina for 
detection and the elucidation of neural 
principles in the peripheral visual system. In: 
Neural principles v1s1on. . 1n ed. F. Zettler, 
R. Weiler, Berlin: Springer Verlag (1976a) 
-187-
Laughlin, S.B.: The sensitivities of dragonfly 
photoreceptors and the voltage gain of transduction. 
J. comp. Physiol. 111, 221-247 (1976b) 
Laughlin, S.B.: Neural principles 1n the visual system. In: 
Handbook of Sensory Physiology, Vol. 
H. Autrum, Berlin: Springer Verlag (1980) 
VI I/ 6B, ed. 
Laughlin, S.B.: A simple coding procedure enhances a 
neuron's information capacity. z. Naturforsch. 36c, 
1n press. 
Laughlin, S.B. and Hardie, R.C.: Common strategies for 
light adaptation 1n the peripheral visual systems of 
the fly and dragon 
128, 319-340 (1978) 
fly. J. comp. Physiol. 
Leutscher-Hazelhoff, J.T.: Linear and non-linear performance 
of transducer and pupil in Calliphora retinula cells. 
J. Physiol. 246, 333-350 (1975) 
. 
Lillywhite, P.G.: Single photon signals and transduction 1n 
an insect eye. J. comp. Physiol. 122, 189-200 
(1977) 
Lillywhite, P.G.: Coupling between locust photoreceptors 
revealed by a study of quantum bumps. 
Physiol. 125, 13-27 (1978) 
J. comp. 
Lillywhite, P.G. and Dvorak, D.R.: Responses to single 
photons 1n a fly optomotor neurone. Vis ion Res. 
21, 279-293 (1981) 
I . 
' ' 
-188-
Mccann, G.D. and Arnett, D.W.: Spectral and polarization 
sensitivity of the Dipteran visual system. J. gen. 
Physiol. 59, 534-558 (1972) 
Mccann, G.D., Fargason, R.D. and Shantz, V.T.: The response 
properties of retinula cells in the fly Calliphora 
erythrocephala as a function of the wavelenth and 
polarization properties of visible and UV light. Biol. 
Cybernetics 26, 93-107 (1977) 
Marmarelis, P.Z. and Mccann, G.D.: Development and 
application of white-noise modeling techniques for 
studies of insect visual nervous system. Kybernetik 
12, 74-89 (1973) 
Menzel, R. and Blakers, M.: Colour receptors in the bee eye 
morphology and spectral sensitivity. J. comp. 
Physiol. 108, 11-33 (1976) 
Mirnura, K.: Some spatial properties in the first ganglion of 
the fly. J. comp. Physiol. 105, 65-82 (1976) 
Mirnura, K.: Electrophysiological evidence for interaction 
between retinula cells in the flesh-fly. J. corn. 
Physiol. 125, 209-216 (1978) 
Mirnura, K.: Receptive field patterns in photoreceptors of 
the fly. J. comp. Physiol. 141, 349-362 (1981) 
Muijser, H.: The receptor potential of retinular cells of 
the blowfly Calliphora: the role of sodium, potassium 
and calcium ions. J. comp. Physiol. 132, 87-95 
(1979) 
Payne, R. and Howard, 
photoreceptor: a 
290, 415-416 (1981) 
-189-
J. : The 
simple 
response 
lognormal 
of an 
model. 
insect 
Nature, 
Pick, B.: Specific misalignments of rhabdomere visual axes 
1n the neural superposition eye of dipteran flies. 
Biol. Cybernetics 26, 215-224 (1977) 
Pick, B. and Buchner, E.: Visual movement detection under 
light- and dark-adaptation in the fly, Musca domestica. 
J. comp. Physiol. 134, 45-54 (1979) 
Pinter, R.B.: Sinusoidal and delta function responses of 
visual cells of the Limulus eye. J. gen. Physiol. 
49, 565-594 (1966) 
Pinter, R.B.: Frequency and time domain properties of 
retinular cells of the desert locust (Schistocerca 
gregaria) and the house cricket (Acheta domestica). J. 
comp. Physiol. 77, 383-397 (1972) 
Pirenne, M.H.: 
intensity. 
On the variation of visual acuity with light 
Proc. Camb. Phil. Soc. 42, 78-82 (1946) 
Pirenne, M.H.: Vision and the Eye. 2nd edn., pp 141-152. 
London: Chapman and Hall (1967) 
Rall, W.: Core conductor theory and cable properties of 
neurons. In: Handbook of Physiology, Vol. I/1, ed. 
S.R. Geiger, Bethesda: American Physiological Society 
(1977) 
-190-
Ratliff, F.: Machbands: qualitative studies on neural 
networks in the retina. Holden Day: San Francisco 
(1965) 
Reichardt, W.: The insect eye as a model for analysis of 
uptak~ transduction and processing of optical data in 
the nervous system. 
Study Programme, 
In: 
ed. 
The Neurosciences, Second 
F.O. Schmitt, New York: 
Rockefeller University Press (1970) 
Reichardt, W., Braitenberg, v. and Weidel, G.: Auslosung 
von Elementarprozessen durch einzelne Lichtquanten im 
Fliegenauge. Kybernetik 5, 148-170 (1968) 
Ribi, W.A.: Gap junctions coupling photoreceptor axons in 
the first optic ganglion of the fly. Cell Tiss. Res. 
195, 299-308 (1978) 
Scholes, J.H.: Discrete subthreshold potentials from the 
dimly lit insect eye. 
(1964) 
Nature (Lond.) 202, 572-573 
Scholes, J.: Discontinuity of the excitation process in 
locust visual cells. Cold. Spr. Harb. Symp. quant. 
Biol. 30, 517-527 (1965) 
Scholes,J.H. and Reichardt, W.: The quantal content of 
optomotor stimuli and the electrical responses of 
receptors 1n the compound eye of the fly Musca. 
Kybernetik 6, 74-80 (1969) 
/' 
-191-
Schwartz, E.A.: Responses of bipolar cells in the retina of 
the turtle. J. Physiol. 236, 211-224 (1974) 
Schwartz, E.A.: 
turtle. 
Rod-rod interaction in the retina 
J. Physiol. 246, 617-638 (1975a) 
of the 
Schwartz, E.A.: Cones excite rods in the retina of the 
turtle. J. Physiol. 246, 639-651 (1975b) 
Shaw, S.R.: Simultaneous recording from two cells in the 
locust retina. Z. vergl. Physiol. 55, 183-194 
(1967) 
Shaw, S.R.: Organization of the Locust retina. Syrop. Zool. 
Sc. Lona. 23, 135-163 (1968) 
Shaw, S.R.: Interreceptor coupling in ornrnatidia of the drone 
honey-bee and locust compound eye. Vision Res. 
9, 999-1029 (1969a) 
Shaw, S.R.: Sense-cell structure and interspecies 
comparisons of polarized-light absorption in arthropod 
compound eyes. Vision Res. 9, 1031-1040 (1969b) 
Shaw, S.R.: Retinal resistance barriers and electrical 
lateral inhibition. Nature 255, 4[0-483 (1975) 
Shaw, S.R.: Restricted diffusion and extracellular space in 
the insect retina. J. comp. Physiol. 113, 257-282 
(1977) 
Shaw, S.R.: The extracellular space and blood-eye barrier in 
an insect retina: An ultrastructural study. Cell 
Tissue Res. 188, 35-61 (1978) 
-192-
Shaw, S.R.: Photoreceptor interaction of the lamina s y n a pse 
of the fly's compound eye. Invest. Opthalmol. 
18 (suppl.), 6 (1979) 
Shaw, S.R.: Anatomy and physiology of identified non-spiking 
cells _ 1n the photoreceptor-lamina complex of the 
compound eye of insects, especially Diptera. In: 
Neurones without impulses. Society for Experimental 
Biology. Seminar Series 6, ed. A. Roberts and 
B.M.H. Bush, Cambridge: 
(1981) 
Cambridge University Press 
Smith, T.G. and Baumann, F.: The functional organization 
within the ommatidium of the lateral eye of Limulus. 
In: Progress in Brain Research, ed. K. Akert and 
P.G. Waser, vol. 31, Amsterdam: Elsevier (1969) 
Smola, U . . and Gemperlein, R.: Uebertragungseigenschaften 
der Sehzelle 
erythrocephala. 
(1972) 
der 
J. 
Schmeissfliege 
comp. Physiol. 
Calliphora 
79, 363-392 
Smola, U. and Meffert, P.: A single-peaked UV-receptor 1n 
the eye of Calliphora erythrocephala. 
Physiol. 103, 353-357 (1975) 
Snyder, A.W.: Physics 1n . . v1s1on compound of 
Handbook of Sensory Physiology, vol. 
H. Autrum, Berlin: Springer (1979) 
Srinivasan, M.V. and Bernard, G.D.: The 
J. comp. 
eyes. In: 
VII/6a, ed. 
fly can 
discriminate movement at signal/noise ratios as low as 
one-eighth. Vision Res. 17, 609-616 (1977) 
-193-
Srinivasan, M.V. and Dvorak, D.R.: Spatial processing of 
visual information in the movement-detecting pathway of 
the fly. J. comp. Physiol. 140, 1-23 (1980) 
Srinivasan, M.V., Laughlin, S.B. and Dubs, A.: Predictive 
coding; · a fresh view of inhibition in the retina. In 
preparation. 
qualities of the fly eye An Stavenga, D.G.: 
approach 
Optical 
from the 
waveguide optics. 
A.W. Snyder and 
(1975) 
side of geometrical, physical and 
In: Photoreceptor Optics, ed. 
R. Menzel, Berlin: Springer Verlag 
Stavenga, D.G.: Pseudopupils of compound eyes. In: 
Handbook of Sensory Physiology, vol. VII/6A, ed. 
H. Autrum, Berlin: Springer Verlag (1979) 
Strausfeld, N.J.: Mosaic organisations, layers, and visual 
pathways 1n the insect brain. In: Neural Principles 
1n Vision, ed. F. Zettler and R. Weiler, Berlin: 
Springer (1976a) 
Strausfeld, N.J.: Atlas of an Insect 
Springer (1976b) 
Brain. Berlin: 
Strausfeld, N.J.: Male and female visual neurones 1n 
dipterous insects. Nature, 283, 381-383 (1980) 
Strausfeld, N.J. and Campos-Ortega, J.A.: L3, the 3rd 
second order neuron of the visual ganglion in the 
neural superposition eye. z. Zellforsch. mikrosk. 
Anat. 139, 397-403 (1973a) 
-194-
Strausfeld, N.J. and Campos-Ortega, J.A.: The L4 monopolar 
neurone: a substrate for lateral interaction in the 
visual system of the fly Musca domestica (L). 
Res. 59, 97-117 ( 1973b) 
Brain 
Strausfeld, N.J. 
insects: 
adaptation 
and Campos-Ortega, J.A.: Vision 
possibly underlying pathways 
and lateral inhibition. 
neural 
Science 
195, 894-897 (1977) 
Streck, P.: Der Einfluss des Schirmpigmentes auf das Sehfeld 
einzelner Sehzellen der Fliege Calliphora 
erythrocephala Meig. z. vergl. Physiol. 76, 372-402 
(1972) 
Trujillo-Cenoz, 0.: The structural organisation of the 
compound eye insects. Handbook of Sensory 
Physiology, VII/2, ed. M.G.F. Fuortes, · Berlin: 
Springer Verlag (1972) 
and Melamed, J.: Compound eye of Trujillo-Cen6z, O. 
dipterans anatomical basis for integration - an 
electron microscope study. 
16, 395-398 (1966) 
J. Ultastruct. Res. 
Tunstall, J. and Horridge, G.A.: Electrophysiological 
investigation of the optics of the locust retina. z. 
vergl. Physiol. 55, 167-182 (1967) 
Werblin, F.S.: Transmission along and between rods in the 
tiger salamander retina. J. Physiol. 280, 449-470 
(1978) 
-195-
Werblin, F. 
of 
and Dowling, J.E.: Organisation of the retina 
the mudpuppy, Necturus 
Intracellular recording. J. 
32, 339-355 (1969) 
Wilson, M.: 
locust 
Angular sensitivity of light 
retinula cells. J. 
97, 323-328 (1975) 
maculosus. I I. 
Neurophysiol. 
and dark 
comp. 
adapted 
Physiol. 
Yeandle, S.: Evidence of quantized slow potentials 1n the 
eye of Limulus. Am. J. Ophthal. 46, 82-87 (1958) 
Zettler, F.: Die Abhangigkeit des Uebertragungsverhaltens 
von Frequenz und Adaptionszustand~ gemessen am 
einzelnen Lichtrezeptor von Calliphora erythrocephala. 
Z. vergl. Physiol. 64, 432-449 (1969) 
Zettler, F. and Autrum, H.: Chromatic properties of lateral 
inhibition 1n the eye of a fly. J. comp. Physiol. 
97, 181-188 (1975) 
Zettler, F. and Jarvilehto, M.: Histologische Lokalisation . 
der Ableitelektrode. Belichtungspotentiale aus Retina 
und Lamina bei Calliphora. z. vergl. Physiol. 
68, 202-210 (1970) 
Zettler, F. and Jarvilehto, M.: Decrement-free conduction 
of graded potentials along the axon of a monopolar 
neuron. z. vergl. Physiol. 75, 402-421 (1971) 
Zettler, F. and Jarvilehto, M.: Lateral inhibition 1n an 
insect eye. z. vergl. Physiol. 76, 233-244 (1972) 
-196-
Zettler, F. and Jarvilehto, M.: Active and passive axonal 
propagation of non-spike signals 1n the retina of 
Calliphora. J. comp. Physiol. 85, 89-104 (1973) 
Zettler, F. and Weiler, R.: Neural processing 1n the first 
optic neuropile of the compound eye of the fly. In: 
Neural Principles 1n Vision, ed. F. Zettler and 
R. Weiler, Berlin: Springer Verlag (1976) 
Zimmerman, R.P.: Field potential analysis and the physiology 
of second-order neurons 1n the visual system of the 
fly. J. comp. Physiol. 126, 297-316 (1978) 
-197-
A P P E N D I X 
-198-
Most of the experiments described in Chapter 2 and 4 
used intensity patterns on a CRT screen as the visual 
stimulus. The intensity calibrations and the construction of 
a 'perfect' sine wave are the subject of this Appendix. 
The intensity of each of the 1024 lines of light 
displayed on the stimulus screen was controlled by the 
computer through a home-built interface. Each intensity 
level was defined by a number between O and 1023 placed in 
the appropriate register of the interface. The highest 
intensity was represented by the lowest number (0). A 
silicon detector connected to a radiometer (IL 700, see also 
2.3) was positioned close to the face of the CRT. 
Starting with a uniform dark screen (1023 in all 
registers) the numbers in all registers of . the interface were 
decreased in steps of 10 units every second. The output from 
the radiometer was averaged during the second half of each 
period of constant intensity -using the analog to digital 
(A/D) converter. It was found that the intensity increases 
in a nearly linear fashion with decreasing values in the 
registers (see Fig. A-1). The linearity of the response of 
the radiometer to light was independently verified by using 
calibrated neutral density filters. 
For the calibration of the gratings and the 
sinusoidally modulated bars of light a detector with a faster 
response time and a smaller receptive field was necessary. A 
pin photodiode proved ideal for this purpose. The linearity 
of the photodiode was demonstrated using neutral density 
filters. The normalized response of the photodiode to the 
same stimulus as described above is also shown in Fig. A-1. 
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Figure A-1 
Normalized responses from a silicon detector and a pin 
photodiode as a function of the mean intensity of the screen. 
The intensity increases from left to right; the numbers are 
the values in the registers of the interface controlling the 
intensity. The inset illustrates the linear relationship 
between the two detector responses. Further explanation in 
text. 
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The two responses are nearly identical, and thus a linear 
relationship holds between the responses to light of the two 
detectors (inset Fig. A-1). 
The relationship between the number in the registers 
and the corresponding intensity of the stimulus is in first 
approximation linear. Thus an approximation to a sine wave 
grating will be displayed if the array of registers contains 
the following numbers: 
where n is the line number (or register number) (0 1023), 
and C the contrast. The parameter f determines the spatial 
frequency of the grating, and corresponds to the number of 
periods displayed on the screen. 
Similarly, for a bar of light modulated s1nusoidally 
in time, the registers corresponding to the lines forming the 
bar will take the value: 
400·{1 + C•sin(~·2rr}} 
at time t, where T is the period of the oscillation in 
intensity and C the contrast. 
It was found using the pin photodiode that the above 
set of numbers produces a good approximation to a sine wave 
with a perfectly linear relationship between contrast and 
peak-to-peak modulation. The approximation is better than 
expected from the data presented in Fig. A-1, and must be due 
to the dynamic properties of the screen. 
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To produce a perfect sine wave, as was desirable in 
the area-threshold experiment described in Chapter 4, it was 
necessary to adopt a more complicated procedure. The basic 
idea is to compare the response from the photodiode to one 
cycle with one period of an ideal sine wave profile. Then 
each intensity value in the interface is increased or 
decreased according to the response it produced until the 
measured response is identical to the ideal response within 
an error band of less than 1%. The ideal response can be 
written as: 
R. (t) 
l Amp·{l + C•sin(;•2rr)} 
where Amp= (Response to max. intensity+ Response to min. 
intensity)/2, C is the contrast, and Tis the period of the 
oscillations. 
A(t) 
Starting with a constant intensity A(t)=400 (where 
is the number in the interface registers at time t) the 
response R(t) is recorded with the photodiode and compared 
with R (t). 
If R(t) < Ri(t), then A new( t ) =Ao 1 d ( t ) + Step 
if R(t) > Ri(t), then A new( t ) =Ao 1 d ( t ) - Step 
if R(t)=Ri(t), then A (t)=A ld(t) new o 
The procedure then repeated until sinusoidal . is a response is 
obtained (Fig. A-2). The size of the step was best chosen to 
be about 5% of the desired amplitude in the first 20 to 30 
iterations, and to refine the result a smaller step was used 
for a further 10 to 20 iterations. 
Figure A-2 
Constru c tion of a sine wave using a feedback loop as 
explained in the text. The step size is 10 units. 
a) Start of the program with a uniform screen. The ideal 
response to be achieved is a sine wave of 400 A/D units 
amplitude. 
b) Responses after 1 0 to 18 iterations. 
c) After 27 iterations the response does not improve further . 
Once this stage is reached the step size has to be 
reduced. 
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Six different sets of 64 numbers (a period is 
produced in 64 steps) corresponding to six contrasts (0.1, 
0.3, 0.5, 0.7, 0.8, 0.9) were determined and stored for use 
in the area-threshold experiment. Intermediate contrasts 
were obtained by linear interpolation. The final stimuli 
were measured with the photodiode and they followed closely 
the ideal sine wave at each contrast (Fig. A-3). 
Figure A-3 
Bar of sinusoidally modulated intensity 
photodiode at 9 different contrasts 
measured with 
(lower graph). 
the 
The 
corresponding theoretical sine waves are shown in the upper 
graph. The stimulus pattern used in this experiment was 
constructed using a feedback loop as is illustrated 1n 
Fig. A-2. For each iteration the averaged response to 10 
cycles was recorded. 27 iterations with a step of 10 units 
followed by 27 iterations with a step of 1 unit were used. 
Further description in text. 
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72. 00 96. 00 120. 00 lH. 00 168.00 
TIME(MSJ 
72. 00 96.00 120.00 lH. 00 168. 00 
TIME (HSl 
CONT THAX ZERO Rl'15 
a. 1 a 11. 11 -0 8 
0.20 22. 21 -0 16 
0.30 33.32 --0 24 
a. 40 u. 42 --0 31 
0. so SS.53 --0 39 
0.60 66. 63 -0 n 
a. 70 77. 74 --0 55 
0.80 88.84 -0 63 
0.90 99.95 --0 71 
192. 00 216.00 
CONT THAX ZERO Rt1S 
a. 1 o -11. 642264 27 
0.20 -22. 002272 56 
0.30 32.60 2273 a, 
0.40 -u. 182270 113 
a.so 54.58 2269 141 
0.60 65.05 2269 168 
0.70 77. 04 2279 198 
0.80 -89. 422297 231 
0.90 99.92 2256 258 
192.00 216.00 
